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Abstract 
The complex life cycle of Myxococcus xanthus makes it a model organism for 
studying multicellular developmental processes in bacteria. In response to 
adverse environmental conditions, M. xanthus aggregates and forms multicellular 
structures known as fruiting bodies. Two component signal transduction systems 
(TCS) are widely used by bacteria to detect and respond to environmental cues 
by regulating large-scale changes in gene expression. They contain a histidine 
kinase sensor that detects environmental cues and a response regulator that 
modulates cellular processes. Two key regulators of the early stages of fruiting 
body development are the Nla6S/Nla6 and Nla28S/Nla28 TCSs. The response 
regulators of these TCSs, Nla6 and Nla28, are important for the successful 
completion of fruiting body formation. However, the histidine kinase sensors that 
modulate the activity of these key response regulators were previously unknown. 
Here we report the identification and characterization of the Nla6S and Nla28S 
histidine kinases. Analysis of Nla6S reveals that it represents a new family of 
bacterial histidine kinases. Furthermore, it plays an important role in the M. 
xanthus life cycle. Analysis of Nla28S shows that this is an important sensor of 
early developmental events. Our data suggests that Nla28S is involved in 
sensing the two important events of early development, nutrient depletion and 
cell density. In response to these signals Nla28S regulates sporulation of M. 
xanthus. Characterization of Nla6S and Nla28S expands our knowledge of the 
signaling networks that regulate initiation of the multicellular developmental 
process of M. xanthus. 
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Chapter 1 Two component signal transduction in Myxococcus xanthus  
1.1 Bacterial biofilms 
In nature bacteria live in architecturally complex multicellular communities 
known as biofilms. Bacterial biofilms are surface associated communities of cells 
held together by an extracellular polymeric matrix (ECM) produced by the cells. 
The lifestyle associated with biofilms can be beneficial to bacteria for various 
reasons (92). In a biofilm cells are protected from environmental harshness by 
the ECM. Microbial communities in biofilms cooperate to obtain nutrients from the 
environment by pooling extracellular digestive enzymes. Additionally, cells in 
biofilms obtain traits required for survival by horizontal gene transfer from their 
neighbours. A well-known example of this is the transfer of antibiotic resistance 
genes and virulence genes between cells in a biofilm.  
Biofilms affect many aspects of our lives as they can form on a variety of 
different surfaces. For instance, bacterial biofilms are the leading cause of 
nosocomial infections. Pathogens such as Staphylococcus aureus, 
Staphylococcus epidermidis and Enterococcus faecelis form biofilms on medical 
implants that lead to chronic infections due to the resistance of these biofilms to 
many antimicrobial treatments (26, 47, 116, 144). Biofilms on natural surfaces 
such as on human organs like the skin, lungs, teeth, gastrointestinal tract and 
urinary tract also cause severe acute and chronic diseases (1, 32, 89, 95, 121). 
The opportunistic pathogen Pseudomonas aeruginosa forms biofilms on the 
lungs of cystic fibrosis patients resulting in chronic infection (22, 105). The Gram 
positive pathogen Clostridium difficile is a major cause of colonic infections due 
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to its biofilm formation in the gastrointestinal tract (25, 63). Biofilms, however, are 
not only a medical problem. Bacterial biofilms pose a challenge in many industrial 
settings. Biofilms in the food industry are a constant hygiene issue and they are a 
primary cause of contamination in the water management system (145, 151, 152, 
165). But biofilms are not always detrimental. They are an integral part of the 
natural environment and play many beneficial roles in our lives. Commensal 
bacteria in dental biofilms protect against the colonization of oral cavities by 
pathogenic bacteria (50, 113). The ability of bacterial biofilms to degrade many 
harmful compounds has been utilized to design wastewater and hazardous 
waste treatment systems (62, 111, 114). Biofilms are also being used in medical 
treatments such as intestinal microbiota transplantation, a process in which 
pathogenic bacterial biofilms are replaced by biofilms formed by beneficial 
bacteria (42, 128).  
 
Figure 1.1.1. Biofilm life cycle. Individual planktonic cells attach to a surface and form 
microcolonies. The cells within the microcolonies start producing the extracellular matrix of the 
biofilm. The microcolonies mature into architecturally complex multicellular biofilm structures. 
Individual cells within the biofilm can detach from the biofilm upon receiving certain detachment 
signals. The detached cells can then go on to live as planktonic cells or attach to another biofilm. 
 
 
Although the mechanisms of biofilm formation vary greatly between 
species and even between strains, most biofilm formation processes go through 
three general steps: adhesion, proliferation and maturation, and detachment 
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(Figure 1.1.1, (102, 112)).  The initiation of biofilm formation occurs when cells 
adhere to a solid surface, biotic or abiotic. Cells then start to produce the ECM, 
which is usually composed of extracellular polysaccharides, proteins and 
extracellular DNA secreted by the cells. Eventually more cells start to adhere to 
the ECM causing the biofilm to proliferate. During the proliferation stage cells 
within the biofilm undergo changes that allow them to adapt to the surface-
associated multicellular life style. At the final stage of the biofilm formation cycle, 
the cells start to detach from the biofilm in response to specific signals resulting 
in the disassembly of the biofilm. Cells leaving the biofilm can go on to live a 
planktonic lifestyle or reattach to a biofilm to continue to live a community life. 
The growing importance of biofilms in medical and industrial settings and 
their diverse impacts on our lives has made it essential for us to better 
understand the mechanisms of biofilm formation.   
1.2 Multicellular development of Myxococcus xanthus  
The social life style and multicellular life cycle of the soil bacterium 
Myxococcus xanthus is the first and one of the best characterized models of 
bacterial biofilm formation (28, 29, 146, 164). The biofilm formation process of M. 
xanthus, which is widely known as fruiting body development, provides an ideal 
model for investigating the molecular mechanisms involved in the formation of 
multicellular communities. M. xanthus is a non pathogenic bacteria that can be 
easily grown under laboratory conditions. This has led to the development of a 
vast repertoire of tools for the genetic manipulation of M. xanthus thus aiding the 
study of genetic mechanisms of multicellular behaviour (49). But most importantly, 
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the complex multicellular life cycle of M. xanthus provides excellent insights into 
the multicellular behaviour of bacteria. The process of fruiting body formation, 
although unique in many aspects, has many similarities to biofilm formation in 
pathogenic bacteria (88, 112), and its study over the years has shed light on 
general biofilm forming mechanisms used by a wide range of bacteria. 
Myxococcus xanthus is a Gram negative, rod shaped δ- proteobacteria, Its 
natural habitat is topsoil and here it contributes to the “earthy-smell” of soil by 
producing the sesquiterpene geosmin (23). In nature, M. xanthus is a microbial 
predator. During vegetative growth M. xanthus cells glide in multicellular swarms 
preying on entire bacterial colonies like “microbial wolf-packs” (6). These large 
swarms of M. xanthus cells cooperate to obtain nutrients from prey microbes and 
other sources by secreting digestive enzymes and toxins (132). M. xanthus  
produces several bacteriolytic and proteolytic enzymes during growth. The 
cooperative nature of M. xanthus preying is evident from the fact that growth of M. 
xanthus on insoluble protein sources such as casein is density dependent (126). 
Living and moving in densely packed swarms ensure that a certain level of 
extracellular digestive enzymes is available to all members of the pack for 
degradation of food sources. This could also be a reason why M. xanthus prefers 
to sporulate inside fruiting bodies rather than as individual cells. Sporulating 
within fruiting bodies guarantees the availability of a swarm of cells upon 
germination.  
Motility is essential for M. xanthus during vegetative growth and 
development (97, 164). Motility allows M. xanthus to prey on other 
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microorganisms and gather food from the environment. When M. xanthus cells 
hunt for food they form coordinated groups, referred to as swarms, consisting of 
a monolayer or multilayer of aligned cells. The M. xanthus cells within the swarm 
use flagellar-independent gliding motility to move. When nutrient depletion sets in 
cells start to move towards aggregate centers to form multicellular fruiting bodies 
and sporulate. M. xanthus uses two different motility systems to move on solid 
surfaces (56). The social motility system (S motility) is responsible for 
coordinated movement of cells in swarms, whereas the adventurous motility 
system (A motility) is responsible for movement of isolated cells.  
S motility is powered by the type IV pili (TFP) (138, 155). The extension 
and retraction of pili allows cells to move forward using S motility. The 23 kDa 
PilA protein is the major component of the M. xanthus pilus (85, 155). The 
extension of the pilus is mediated by the cytoplasmic hexameric ATPase PilB 
(59), which polymerizes PilA monomers and the secretin PilQ, which translocates 
the pilus through the outer membrane (148). The protein PilT, a homologue of 
PilB, is responsible for retraction of the pilus (59, 158). The production of 
exopolysaccharide (EPS) is also required for S motility. M. xanthus  EPS is made 
up of the monosaccharides galactose, glucosamine, glucose, rhamnose and 
xylose (3). It is postulated that the TFP recognizes EPS as a receptor allowing 
pilus retraction to pull the cell forward (87).  
Although numerous genes required for A motility has been identified, it is 
still unknown what powers the A motility engine (97).  There are, however, two 
models proposed for the mechanism of A motility. One model known as the 
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“slime secretion model” proposes the generation of force by secretion of a 
polymeric substance through nozzles at the lagging pole (154). A more recent 
alternate model known as the “focal adhesion complex” model proposes that 
protein motor complexes connected to adhesion sites on the membrane and 
cytoskeleton move the cell forward (100).  
 
 
 
Figure 1.2.1. Fruiting body development of M. xanthus. Vegetative rod shaped cells grow in 
the presence of nutrients. When nutrients are depleted the cells aggregate and form multicellular 
fruiting bodies. Individual rod shaped cells within the fruiting body are transformed in to spherical 
myxospores, which are resistant to extreme conditions. The spores germinate into vegetative 
cells when abundant nutrients are available 
 
When starved for nutrients, M. xanthus initiates an elaborate multicellular 
developmental process that results in the formation of spore-filled fruiting bodies 
(Figure 1.2.1). This process is triggered when M. xanthus senses the depletion of 
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essential nutrients such as carbon, nitrogen and phosphate sources (28). M. 
xanthus uses amino acids as its main source of nitrogen and carbon (14, 51, 52). 
Although only five amino acids, Leu, Ile, Val, Phe and Met, are essential for M. 
xanthus growth, the amino acids Pro and Trp seem to be very important for 
growth as the absence of these amino acids severely retard the growth rate of 
vegetative cells (51). Another important source of energy for M. xanthus is lipids. 
M. xanthus produces three classes of lipases to hydrolyze lipids and use them as 
a source of carbohydrates (104). Interestingly, M. xanthus does not utilize 
nucleotides or sugars for cellular metabolic processes (51). Purines and 
pyramidines obtained from the environment are not catabolized to produce 
energy but incorporated into nucleic acids (51). M. xanthus possesses a Class 4 
phosphotransferase system (PTS) resembling the Escherichia coli mannose PTS 
system, which is responsible for transporting the sugars mannose, fructose, 
glucose, 2-deoxyglucose, glucosamine, N-acetylglucosamine, methyl-α-glucoside 
and trehalose (39). However, growth and radioactive labeling studies have 
shown that M. xanthus cannot utilize any of these sugars for energy production 
(14, 51).  
The first requirement for initiation of development is assessing individual 
starvation. The alarmone Guanine-5’(tri)di-phosphate-3’diphosphate, [p]ppGpp, 
serves as an intracellular starvation signal for M. xanthus (48, 134). When 
nutrients such as carbon sources, phosphates or amino acids are depleted the 
stringent response is induced and [p]ppGpp starts to accumulate indicating onset 
of starvation. During stringent response starvation of nutrients such as amino 
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acids triggers the RelA protein to synthesize [p]ppGpp. This alarmone acts as 
transcriptional regulator, but unlike most transcriptional regulators that interact 
with DNA sequences near the promoter site, [p]ppGpp binds directly to the β, β’ 
subunit of the RNA polymerase to modulate transcription (2). The binding of 
[p]ppGpp to the RNA polymerase represses the transcription of genes required 
for growth while upregulating the expression of genes required for response to 
starvation.  It has been shown that production of [p]ppGpp is both necessary and 
sufficient to initiate early developmental gene expression in M. xanthus (134). 
The intracellular accumulation of [p]ppGpp at the onset of starvation induces the 
production of the M. xanthus quorum signal known as A-signal (48) (Figure 1.2.2). 
A-signaling allows M. xanthus cells to assess cell density and the nutritional state 
of their neighbours and triggers the commencement of the developmental 
process (61). A-signaling is activated about two hours after onset of starvation. It 
is made up of a mixture of peptides and amino acids with the six amino acids Tyr, 
Trp, Pro, Leu, Ile and Phe being the major constituents (76). As more and more 
cells detect starvation and start producing the A-signal, a threshold level of A-
signal accumulates indicating the presence of a critical cell density and the onset 
of starvation for the whole community. When this level is reached, the expression 
of genes required for proceeding with development is induced. The A-signal 
initiates cells to start gathering in aggregate centers. Once these aggregate  
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Figure 1.2.2. The A-signal network. The intracellular accumulation of [p]ppGpp at the onset of 
starvation induces the production of the M. xanthus quorum signal known as A-signal. Starvation 
triggers the activation of the Asg proteins (AsgA, AsgB, AsgC, AsgD and AsgE) either through the 
stringent response and [p]ppGpp accumulation or through the Nla28S/Nla28 TCS. The Asg 
proteins regulate production of A-sginal. Once produced, A-signal is sensed by the SasS/SasR 
TCS. Dotted arrows represent unknown pathways. HHK is hybrid histdine kinase, HK is histidine 
kinase and RR is response regulator. 
 
centers are formed, cells start to cooperate to convert these into the multicellular  
dome shaped fruiting bodies. This complex morphological change is coordinated 
by the contact dependent intercellular signal known as C-signal (60). The C-
signal is a 17 kDa outer membrane protein that is exposed on the cell surface 
(Figure 1.2.3). The contact dependent nature of C-signal requires cell alignment 
in a particular orientation for effective signal transduction (69). When cells detect 
a certain threshold level of C-signal, fruiting body formation and sporulation are 
induced. 
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Figure 1.2.3. The C-signal network. The C-signal is a 17 kDa outer membrane protein, encoded 
by the csgA gene, that is exposed on the cell surface and is sensed by a C-signal receptor that is 
also exposed on the cell surface. The contact dependent nature of C-signal requires cell 
alignment in a particular orientation for effective signal transduction. The NtrC like response 
regulator ActB regulates a positive feedback loop of C-signal dependent increase of csgA. 
Response to C-signal is carried out through the response regulator FruA. FruA constitutes a 
branching point for the C-signaling network. It accomplishes this by regulating aggregation and 
sporulation through two different pathways. RR is respone regulator. 
 
The development process of M. xanthus culminates in the morphogenesis 
of cells in the fruiting body into stress resistant spores known as myxospres (131). 
Spore differentiation involves the conversion of the rod shaped cells to spherical 
spores and the construction of a thick spore coat over the outer membrane. The 
spore coat provides resistance to environmental stresses and allows myxospores 
to survive for long periods of time. Upon availability of nutrients the myxospores 
germinate into vegetative rod shaped cells allowing the M. xanthus life cycle to 
continue.  
1.3 Signal transduction in fruiting body formation 
The successful completion of the elaborate multicellular life cycle of M. 
xanthus requires intra- and intercellular coordination. This is accomplished by the 
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vast repertoire of signal transduction networks harbored in the M. xanthus 
genome (39). Despite the diversity of signals that have to be detected by a social 
bacteria such as M. xanthus, the majority of bacterial signal transduction 
networks belong to one of two categories: (i) the one component systems or (ii) 
systems in which signal detection leads to phosphorylation/dephosphorylation of 
a sensor protein. The one component system consists of a protein that has a 
ligand binding domain for detecting signals and an output domain for response 
(143). In the second category of signal transduction networks the sensor proteins 
that are phosphorylated in response to signals are either serine/threonine 
kinases or histidine kinases. Histidine kinases are far more commonly used in 
bacteria for signal transduction and they belong to two component signal 
transduction systems (TCS). Although numerically TCSs are not the dominant 
type of signal transduction networks in M. xanthus, and in prokaryotic genomes 
in general (39, 143), they are essential for signal transduction during growth and 
in the case of M. xanthus during development.  
1.4 Two component signal transduction systems 
The prototypical TCS consists of a sensor histidine kinase protein and a 
response regulator protein (Figure 1.4.1). The sensor histidine kinase detects a 
signal and is autophosphorylated at a conserved His residue. The phosphate is 
then passed on to a conserved Asp residue on the response regulator. This 
activates the response regulator thus allowing it to modulate the cell’s activity in 
accordance with environmental changes.  
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Table 1.5.1. List of histidine kinase proteins of M. xanthus 
MXAN	  no.	   Name	   Localization	   Familya	   TCS	  
Organization	  
Histidine	  
Kinase	  
Type	  
Mutational	  	  
Analysis	  
Biochemical	  	  
Analysis	  
Function	  
MXAN0060	   	   TM	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN0095	   	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   	   	   	  
MXAN0153	   	   TM	   HPK1a	   Orphan	   Classical	   	   	   	  
MXAN0168	   	   TM	   HPK1a	   Orphan	   Classical	   	   	   	  
MXAN0176	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN0195	   	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   	   	   	  
MXAN0196	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0197	   	   TM	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0229	   	   Cytoplasmic	   HPK1a	   Paired	   Hybrid	   	   	   	  
MXAN0230	   	   Cytoplasmic	   HPK1b	   Paired	   Hybrid	   	   	   	  
MXAN0245	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0304	   	   TM	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0314	   	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   	   	   	  
MXAN0336	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   	   	   	  
MXAN0340	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN0347	   	   TM	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0399	   	   Cytoplasmic	   HPK4	   Orphan	   Classical	   	   	   	  
MXAN0459	   RedC	   Cytoplasmic	   HPK4	   Tetrad	  cluster	   Classical	   Yes	  (54)	   Yes	  (58)	   Temporal	  coordination	  
MXAN0571	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN0612	   	   Cytoplasmic	   HPK3g	   Orphan	   Classical	   	   	   	  
MXAN0643	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0706	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	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MXAN0712	   	   Cytoplasmic	   HPK1b	   Orphan	   Hybrid	   Yes	  (130)	   	  
MXAN0720	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN0733	   RodK	   Cytoplasmic	   HPK1b	   Paired	   Hybrid	   Yes	  (123)	   Yes	  (125)	   Spatial	  coordination	  
MXAN0736	   	   TM	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN0928	   	   Cytoplasmic	   HPK3g	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN0931	   EspA	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   Yes	  (20)	   Yes	  (55)	  
MXAN0938	   Nla7S	   Cytoplasmic	   HPK3g	   Paired	   Classical	   	   	   	  
MXAN0993	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   	   	   	  
MXAN1014	   SdeK	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (34)	   Yes	  (120)	   Temporal	  coordination	  
MXAN1077	   SpdS	   Cytoplasmic	   HPK4	   Paired	   Classical	   	   	   Nutrient	  sensor	  
MXAN1129	   FrgB	   TM	   HPK4	   Paired	   Classical	   Yes	  (18)	   	   	  
MXAN1166	   Nla28S	   TM	   HPK3h	   Paired	   Classical	   Yes	  (Chap	  2)	   Yes	  (Chap	  2)	   Nutrient	  sensor,	  A-­‐signal	  
MXAN1190	   	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN1249	   SasS	   TM	   HPK4	   Paired	   Classical	   Yes	  (160)	   A-­‐signal	  sensor	  
MXAN1350	   	   TM	   HPK1a	   Paired	   Classical	   	   	   	  
MXAN1553	   	   Cytoplasmic	   HPK1b	   Paired	   Classical	   	   	   	  
MXAN1679	   	   TM	   HPK2a	   Paired	   Classical	   	   	   	  
MXAN2317	   	   Cytoplasmic	   HPK1b	   Orphan	   Hybrid	   	   	   	  
MXAN2368	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN2386	   	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   	   	   	  
MXAN2606	   	   Cytoplasmic	   HPK1a	   Orphan	   Hybrid	   	   	   	  
MXAN2670	   AsgA	   Cytoplasmic	   HPK4	   Orphan	   Hybrid	   Yes	  (119)	   Yes	  (86)	   A-­‐signal	  
MXAN2686	   ChaA4	   Cytoplasmic	   HPK9	   Che	  cluster	   Hybrid	   Yes	  (147)	   	   S-­‐Motility	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MXAN2763	   	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   Yes	  (130)	   	  
MXAN2785	   	   Cytoplasmic	   HPK1a	   Orphan	   Hybrid	   	   	   	  
MXAN2779	   PhoR2	   TM	   HPK2a	   Paired	   Classical	   Yes	  (103)	   	   	  
MXAN2961	   	   Cytoplasmic	   HPK1b	   Orphan	   Classical	   	   	   	  
MXAN3036	   	   TM	   HPK4	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN3098	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN3290	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   Yes	  (130)	   	  
MXAN3343	   	   Cytoplasmic	   HPK4	   Orphan	   Classical	   	   	   	  
MXAN3419	   Nla17S	   TM	   HPK3g	   Paired	   Classical	   	   	   	  
MXAN3451	   	   TM	   HPK2a	   Paired	   Classical	   	   	   	  
MXAN3812	   Nla13S	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN3879	   	   Cytoplasmic	   HPK4	   Orphan	   Hybrid	   	   	   	  
MXAN3974	   	   Cytoplasmic	   HPK3g	   Orphan	   Classical	   	   	   	  
MXAN4043	   Nla6S	   Cytoplasmic	   unclassified	   Paired	   Classical	   Yes	  (Chap	  3)	   Yes	  (Chap	  3)	   Sporulation	  
MXAN4053	   	   Cytoplasmic	   HPK3g	   Orphan	   Classical	   	   	   	  
MXAN4071	   	   TM	   HPK7	   Paired	   Classical	   	   	   	  
MXAN4140	   FrzE	   Cytoplasmic	   HPK9	   Che	  cluster	   Hybrid	   Yes	  (84)	   Yes	  (57)	   Reversal	  Frequency	  
MXAN4165	   	   TM	   HPK3b	   Paired	   Classical	   	   	   	  
MXAN4197	   	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN4244	   	   Cytoplasmic	   HPK4	   Triad	  cluster	   Hybrid	   	   	   	  
MXAN4246	   	   Cytoplasmic	   HPK4	   Triad	  cluster	   Classical	   	   	   	  
MXAN4251	   Nla20S	   TM	   HPK4	   Triad	  cluster	   Classical	   	   	   	  
MXAN4262	   	   TM	   HPK4	   Paired	   Classical	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MXAN4444	   	   TM	   HPK3g	   Paired-­‐complex	   Classical	   	   	   	  
MXAN4445	   	   Cytoplasmic	   HPK1a	   Paired-­‐complex	   Hybrid	   	   	   	  
MXAN4465	   	   Cytoplasmic	   HPK4	   Orphan	   Hybrid	   Yes	  (130)	   	  
MXAN4579	   	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN4640	   SgmT	   Cytoplasmic	   HPK1a	   Paired	   Hybrid	   Yes	  (163)	   Yes	  (117)	   Extracellular	  matrix	  
MXAN4758	   CheA8	   Cytoplasmic	   HPK9	   Che	  cluster	   Classical	   	   	   	  
MXAN4778	   PhoR1	   TM	   HPK1a	   Paired	   Classical	   Yes	  (17,	  96)	   	   Phosphate	  homeostasis	  
MXAN4786	   Nla3S	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN4988	   	   TM	   HPK4	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN5034	   	   TM	   HPk4	   Orphan	   Classical	   	   	   	  
MXAN5082	   	   TM	   HPK1a	   Paired	   Classical	   	   	   	  
MXAN5123	   MrpA	   TM	   HPK1a	   Paired	   Classical	   Yes	  (137)	   	   Cell	  fate	  
MXAN5147	   CheA3	   Cytoplasmic	   HPK9	   Che	  cluster	   Classical	   Yes	  (73)	   Yes	  (150)	   Development	  initiation	  
MXAN5184	   CrdS	   TM	   HPK4	   Paired	   Classical	   Yes	  (150)	   Yes	  (150)	   Nutrient	  sensor	  
MXAN5211	   	   Cytoplasmic	   HPK2a	   Paired	   Classical	   	   	   	  
MXAN5314	   	   TM	   HPK2a	   Paired	   Classical	   	   	   	  
MXAN5365	   HsfB	   Cytoplasmic	   HPK3g	   Triad	  cluster	   Classical	   Yes	  (142)	   Yes	  (142)	   	  
MXAN5483	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN5704	   	   TM	   HPK1a	   Orphan	   Classical	   	   	   	  
MXAN5778	   PilS2	   Cytoplasmic	   HPK3g	   Paired	   Classical	   Yes	  (157)	   	   TFP	  biosynthesis	  
MXAN5785	   PilS	   TM	   HPK4	   Paired	   Classical	   Yes	  (156)	   	   TFP	  biosynthesis	  
MXAN5852	   Nla1S	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN5990	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	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MXAN5996	   	   TM	   HPK1a	   Paired	   Classical	   	   	   	  
MXAN6015	   	   Cytoplasmic	   HPK4	   Orphan	   Classical	   	   	   	  
MXAN6029	   	   Cytoplasmic	   HPK9	   Che	  cluster	   Hybrid	   	   	   	  
MXAN6053	   	   TM	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN6117	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN6150	   	   Cytoplasmic	   HPK7	   Paired	   Classical	   	   	   	  
MXAN6223	   	   TM	   HPK3e	   Paired	   Classical	   	   	   	  
MXAN6315	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   Yes	  (130)	   	  
MXAN6335	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   	   	   	  
MXAN6414	   PhoR3	   TM	   HPK2a	   Paired	   Classical	   Yes	  (103)	   	   Phosphate	  homeostasis	  
MXAN6586	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN6692	   DifE	   Cytoplasmic	   HPK9	   Che	  cluster	   Classical	   Yes	  (4)	   	   S	  motility,	  Chemotaxis	  
MXAN6702	   	   Cytoplasmic	   HPK1a	   Orphan	   Classical	   	   	   	  
MXAN6734	   	   Cytoplasmic	   HPK3f	   Paired-­‐complex	   Hybrid	   	   	   	  
MXAN6735	   	   Cytoplasmic	   HPK1b	   Paired-­‐complex	   Hybrid	   	   	   	  
MXAN6847	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   	   	   	  
MXAN6855	   EspC	   TM	   HPK3g	   Orphan	   Hybrid	   Yes	  (80)	   	   	  
MXAN6865	   	   Cytoplasmic	   HPK4	   Paired-­‐complex	   Classical	   	   	   	  
MXAN6941	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN6951	   CheA6	   Cytoplasmic	   HPK9	   Che	  cluster	   Hybrid	   	   	   	  
MXAN6953	   SocD	   Cytoplasmic	   HPK3f	   Triad	  cluster	   Classical	   	   	   	  
MXAN6955	   TodK	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (124)	   	   Temporal	  coordination	  
MXAN6964	   CheA7	   Cytoplasmic	   HPK9	   Che	  cluster	   Classical	   Yes	  (9)	   	   S	  motility	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MXAN6966	   	   Cytoplasmic	   HPK3f	   Che	  cluster	   Hybrid	   	   	   	  
MXAN6971	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN6979	   	   TM	   HPK3e	   Paired	   Classical	   	   	   	  
MXAN6994	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN6996	   AsgD	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   Yes	  (19)	   	   A-­‐Signal	  
MXAN7002	   	   Cytoplasmic	   HPK3f	   Triad	  cluster	   Classical	   	   	   	  
MXAN7003	   	   TM	   HPK3f	   Triad	  cluster	   Classical	   	   	   	  
MXAN7027	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN7059	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN7123	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN7142	   	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN7180	   	   TM	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN7206	   MokA	   Cytoplasmic	   HPK3g	   Orphan	   Hybrid	   Yes	  (71)	   	   Osmotic	  tolerance	  
MXAN7363	   	   TM	   HPK1a	   Triad	  cluster	   Hybrid	   	   	   	  
MXAN7368	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   	   	   	  
MXAN7398	   	   Cytoplasmic	   HPK3f	   Orphan	   Classical	   Yes	  (130)	   	  
MXAN7439	   Nla24S	   TM	   HPK4	   Paired	   Classical	   	   	   	  
MXAN7444	   	   Cytoplasmic	   HPK3f	   Orphan	   Hybrid	   	   	   	  
 
a Histidine kinase families assigned according to (43, 130) 
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Figure 1.4.1. Two component signal transduction (TCS) pathway. The histidine kinase 
dimerizes upon ligand binding by its sensor input domain (SD). The catalytic and ATP binding 
domain (CA) of the histidine kinase then hydrolyzes ATP and autophosphorylates the histidine 
kinase at a conserved His residue on its dimerization and His phosphorylation (DHp) domain. The 
phosphate is subsequently transferred to the conserved Asp residue on the receiver (REC) 
domain of the response regulator. This activates the response regulator allowing its effector 
domain to carry out its function. 
 
1.4.1 Histidine kinases 
Histidine kinases are typically composed of a sensor input domain and a 
transmitter domain. The sensor input domain is often a transmembrane domain 
for sensing extracellular signals and has high sequence variability. In contrast, 
the transmitter domain is a conserved cytoplasmic domain. Histidine kinases are 
divided into two major classes according to the domain organization of their 
transmitter domains. Most histidine kinases are Class I histidine kinases in which 
the transmitter domain is divided into the dimerization and His phosphorylation 
domain (DHp) and the catalytic and ATP binding domain (CA). The main 
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members of the Class II histidine kinase family are the CheA chemotaxis 
histidine kinases. In these histidine kinases the histidine phosphotransfer domain 
does not mediate dimerization and there are several intervening regions between 
the phosphotransfer domain and the catalytic domain. Therefore, the class II 
histidine kinase transmitter domain is subdivided into the histidine containing 
phosphotransfer domain (Hpt) and the CA domain. Phylogenetic analyses of 
histidine kinases have divided them into twelve families based on their 
transmitter domain sequences (43, 65). 
The DHp or the Hpt contains the His residue to be phosphorylated within a 
conserved sequence motif known as the H-Box. Upon signal recognition by the 
sensor domain, the histidine kinase dimerizes such that the CA of one subunit of 
this homodimer faces the DHp or Hpt of the other. Subsequently, the CA binds 
and hydrolyzes ATP and the phosphate is transferred in trans to the conserved 
His residue in the H-Box. The ATP binding pocket of the CA domain is 
characterized by the four sequence motifs N-Box, D-Box, F-box and G-Box 
named after the invariable amino acids in each motif (43). The core structural 
element of this domain is an α/β sandwich known as a Bergerat fold typically 
consisting of a five stranded mixed β sheet and at least three α helices (5, 27, 94, 
139). The α helices are arranged together in a layer forming the lining of the 
cone-shaped ATP binding pocket while the β sheet forms the backing of this 
pocket. The residues that are important for ATP binding, however, are not 
located in these structural elements, but can be mostly found in conserved loops 
that connect the structural elements of the ATP binding pocket. The only 
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exception is the N-box, which is usually located in the first α helix. The conserved 
Asn in the N-box coordinates a Mg2+ ion that is also coordinated by the 
phosphates of the bound ATP.  The D-Box consists of a DxGxG motif. The 
conserved Asp residue of the D-box is the only residue that is in direct contact 
with ATP. The β-carboxyl of the Asp forms a hydrogen bond with the N6 amine of 
the adenine moiety of ATP. The Gly residues of the D box along with the 
residues of the F- and G-Boxes form part of a flexible loop structure that serves 
as a lid for the ATP binding pocket.  This ATP-lid interacts exclusively with the 
phosphates of ATP and Mg2+. Structural studies of histidine kinase CA domains 
bound to ATP analogs have revealed that the nucleotide is bound in such a way 
that the triphosphate chain is exposed to the protein surface allowing for the γ- 
phosphate to be transferred to the conserved His in the DHp (139). 
1.4.2 Response regulators 
This autophosphorylation of the histidine kinase in response to signal 
detection is followed by transfer of the phosphate from the histidine kinase to a 
conserved aspartate group on the response regulator. Response regulators are 
composed of a receiver domain and an effector domain. The receiver domain 
contains the conserved aspartate residue that accepts the phosphate from the 
histidine kinase. The phosphotransfer reaction is catalyzed by the receiver 
domain. Aside from the phospho-accepting aspartate the receiver domain active 
site also contains two other aspartate residues, a lysine residue and a serine or 
threonine residue that are required for phosphotransfer. The β-carboxylate 
groups of the three Asp residues coordinate a divalent cation, usually Mg2+. The 
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binding of a divalent metal ion such as Mg2+ is essential for phosphotransfer (91). 
Divalent cations in the active site of the receiver domain most likely aids the 
phosphotransfer reaction by arranging the nucleophile in the correct orientation 
and by shielding the charges on the anions (53).  The Lys and Ser/Thr residues 
form hydrogen bonds with the phosphate bound to the His residue of the histidine 
kinase. The phosphate is transferred from this His to the phospho-accepting Asp 
on the receiver domain following a nucleophilic attack by the β-carboxylate 
oxygen of the Asp. 
Phosphorylation of the receiver domain causes conformational changes in 
the effector domain that allows it to carry out its function. Effector domains have 
a wide range of function including biosynthesis of secondary messengers such 
as cyclic-di-GMP, regulation of flagellar rotation, post-transcriptional 
modifications of target proteins and DNA binding. The majority of characterized 
response regulator proteins have a DNA binding effector domain making them 
transcriptional activators. This allows TCSs to be used for controlling gene 
expression in response to environmental changes. 
1.5 Two component signal transduction in M. xanthus 
The M. xanthus genome encodes a total of 263 TCS genes (39). Of these 
132 are histidine kinase genes and 131 are response regulator genes. However, 
less than half of the TCS genes in M. xanthus are organized in the classical 
histidine kinase/response regulator pairs. Analysis of the M. xanthus TCS genes 
has revealed that only ~36% of the TCS genes are organized in pairs. Most of 
the TCS genes (~ 57%) in the M. xanthus genome are classified as orphan 
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genes because there are no other TCS genes in their immediate vicinity.  The 
rest of the TCS genes, about 8%, are arranged in complex gene clusters. To 
fulfill the immense signal transduction needs of its complex life cycle, the M. 
xanthus genome not only encodes the classical histidine kinase and response 
regulator genes, but also encodes a large number of hybrid histidine kinases. 
The evolution of the sensory capabilities of M. xanthus to meet the signal 
transduction requirements of its complex life cycle can be evidenced in the 
modular rearrangements seen in its TCS proteins. Although the prototypical TCS 
is a linear signal transduction system, by taking advantage of the modular nature 
of TCS architecture, M. xanthus has created complex branched signal 
transduction networks using TCS proteins. 
Table 1.5.1 shows a complete list of the histidine kinase proteins of M. 
xanthus. Although in the majority of sequenced bacterial genomes, the proportion 
of histidine kinases with transmembrane sensor domains is much higher than 
cytoplasmic ones (33), sequence analysis of the M. xanthus  genome reveals 
that only 36% of its histidine kinases have a transmembrane sensor domain. The 
presence of a transmembrane sensor domain indicates that an extracellular or 
periplasmic signal is being sensed, whereas a cytoplasmic sensor domain 
typically indicates the sensing of intracellular signals. Of course there are some 
well known exceptions to these rules. For example, the CheA histidine kinase of 
the chemotaxis TCS is a cytoplasmic protein that interacts with membrane bound 
receptors to detect extracellular signals (see Section 1.5.2 Chemosensory TCSs 
below). Nevertheless, the large proportion of cytoplasmic histidine kinases in M. 
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xanthus, excluding the 8 CheA homologues, indicate an extensive need for 
intracellular signal transduction in this bacterium. The proportion of 
transmembrane sensor domains is even lower within the hybrid histidine kinases 
Only 8% (3 out of 38) of these histidine kinases have a transmembrane domain, 
suggesting that M. xanthus prefers to use them for detection of intracellular 
signals. 
Table 1.5.2 shows a complete list of the response regulators of M. xanthus. 
Most of these response regulators belong to one of eleven well characterized 
response regulator families (Figure 1.5.1). The two largest families of response 
regulators in M. xanthus are the CheY family, which has 49 members, and the 
NtrC family, which has 28 members. The CheY response regulators are usually 
involved in chemotaxis and motility and the NtrC response regulators regulate 
gene expression in response to environmental signals. Given that chemotaxis 
towards nutrients and coordination of large scale changes in gene expression are 
indispensible traits for the survival of M. xanthus, it is not surprising that the 
CheY and NtrC family of response regulators are overrepresented in its genome. 
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  Table 1.5.2. List of response regulator proteins of M. xanthus 
MXAN	  no.	   Name	   Family	   TCS	  Organization	   Domain	  Organizationa	   Function	   Reference	  
MXAN0172	   	   NtrC	   Orphan	   1	  REC,1	  AAA_2,1	  HTH_8	   (37,	  68)	   (36,	  68)	  
MXAN0259	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN0311	   	   NarL	   Orphan	   1	  REC,	  1	  GerE	   	   	  
MXAN0460	   RedD	   FrzZ	   Tetrad	  cluster	   2	  REC	   Temporal	  coordination	   (54,	  58)	  
MXAN0462	   RedF	   CheY	   Tetrad	  cluster	   1	  REC	   Temporal	  coordination	   (54,	  58)	  
MXAN0524	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN0710	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN0715	   	   Unclassified	   Orphan	   1	  REC	   	   	  
MXAN0726	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN0732	   	   CheY	   Paired	   1	  REC	   	   	  
MXAN0763	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN0935	   	   Unclassified	   Orphan	   1	  REC	   	   	  
MXAN0937	   Nla7	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   	   (15)	  
MXAN1078	   SpdR,	  Nla19	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   Nutrient	  sensor	   (15,	  46,	  141)	  
MXAN1087	   	   Unclassified	   Orphan	   1	  PilZ,1	  REC	   	   	  
MXAN1093	   	   MerR	   Orphan	   1	  HTH_17,1	  REC	   	   	  
MXAN1128	   FrgC,	  Nla25	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   Aggregation	   (15,	  18)	  
MXAN1167	   Nla28	   NtrC	   Paired	   1	  REC,1	  AAA_2,1	  HTH_8	   Nutrient	  sensor,	  A-­‐signal,	  
Sporulation	  
Chap2,	  (15)	  
MXAN1189	   	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   	   (37,	  68)	  
MXAN1245	   SasR	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   A-­‐signal	   (45)	  
MXAN1279	   	   LytTR	   Paired	   1	  REC,1	  LytTR	   	   	  
MXAN1349	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN1378	   	   CheY	   Orphan	   1	  REC	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MXAN	  no.	   Name	   Family	   TCS	  Organization	   Domain	  Organizationa	   Function	   Reference	  
MXAN1552	   	   CheY	   Paired	   1	  REC	   	   	  
MXAN1680	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN2021	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN2050	   	   Unclassified	   Orphan	   1	  REC,1	  DUF	   	   	  
MXAN2516	   Nla4	   NtrC	   Orphan	   1	  REC,1	  AAA,1	  HTH_8	   Stringent	  response	   (15,	  83,	  115)	  
MXAN2671	   	   Unclassified	   Paired	   1	  REC	   	   	  
MXAN2684	   CheY4	   CheY	   Che-­‐cluster	   1	  REC	   S-­‐motility	   (147)	  
MXAN2778	   PhoP2	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   Phosphate	  homeostasis	   (103)	  
MXAN2807	   	   RpfG	   Orphan	   1	  T2SE_Nter,	  1	  HD,1	  
REC,	  1DUF	  
	   	  
MXAN2962	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN2991	   AglZ	   Unclassified	   Orphan	   1	  REC,	  1	  DUF	   A-­‐motility	   (98,	  161)	  
MXAN3117	   FruA	   NarL	   Orphan	   1	  REC,1	  GerE	   C-­‐signal	   (30)	  
MXAN3213	   ActA	   PleD	   Paired	  complex	   1	  REC,1	  GGDEF	   C-­‐signal	   (44)	  
MXAN3214	   ActB	   NtrC	   Paired	  complex	   1	  REC,1	  AAA,1	  HTH_8	   C-­‐signal	   (44)	  
MXAN3418	   Nla17	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   	   (15)	  
MXAN3450	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN3555	   	   NtrC	   Orphan	   1	  REC,1	  AAA,1	  HTH_8	   	   (37,	  68)	  
MXAN3605	   	   Unclassified	   Paired	   1	  REC	   	   	  
MXAN3711	   	   NarL	   Orphan	   1	  REC,1	  GerE	   	   	  
MXAN3734	   	   Unclassified	   Paired	  complex	   1	  REC	   	   	  
MXAN3735	   	   PleD	   Paired	  complex	   1	  REC,1	  GGDEF	   	   	  
MXAN3738	   	   Unclassified	   Orphan	   1	  REC	   	   	  
MXAN3811	   Nla13	   NtrC	   Paired	   1	  REC,1	  AAA_2,1	  HTH_8	   	   (15)	  
MXAN4042	   Nla6	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   Sporulation	   (15,	  36,	  38)	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MXAN	  no.	   Name	   Family	   TCS	  Organization	   Domain	  Organizationa	   Function	   Reference	  
MXAN4049	   	   CyC-­‐C	   Orphan	   1	  Pkin,1	  REC,1	  
Glutamyl_cyc	  
	   	  
MXAN4072	   	   NarL	   Paired	   1	  REC,1	  GerE	   	   	  
MXAN4144	   FrzZ	   FrzZ	   Che-­‐cluster	   2	  REC	   Cell	  reversal	   	  
MXAN4149	   FrzS	   Unclassified	   Orphan	   1	  REC,	  1DUF	   Cell	  reversal	   (99)	  
MXAN4164	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN4196	   	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   	   (37,	  68)	  
MXAN4202	   	   Unclassified	   Orphan	   1	  REC	   	   	  
MXAN4232	   	   RpfG	   Orphan	   1	  REC,1	  HD	   	   	  
MXAN4240	   Nla22	   NtrC	   Orphan	   1	  REC,1	  AAA_2,1	  HTH_8	   	   (15)	  
MXAN4245	   	   FrzZ	   Triad	  cluster	   2	  REC	   	   	  
MXAN4252	   Nla20	   NtrC	   Triad	  cluster	   1	  REC,1	  AAA_5,1	  HTH_8	   	   (15)	  
MXAN4253	   	   CheY	   Triad	  cluster	   1	  REC	   	   	  
MXAN4257	   	   PleD	   Orphan	   1	  REC,1	  GAF,1	  GGDEF	   	   	  
MXAN4261	   	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   	   (37,	  68)	  
MXAN4438	   	   Unclassified	   Orphan	   1	  REC,	  1	  DUF	   	   	  
MXAN4461	   RomR	   Unclassified	   Orphan	   1	  REC,	  1	  DUF	   A-­‐motility	   (81)	  
MXAN4463	   	   PleD	   Orphan	   1	  REC,1	  GGDEF	   	   	  
MXAN4468	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN4580	   Nla8	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   	   (15)	  
MXAN4645	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN4675	   	   RpfG	   Orphan	   1	  REC,1	  HD	   	   	  
MXAN4717	   	   Unclassified	   Che-­‐cluster	   1	  REC,	  1	  DnaJ	   	   	  
MXAN4751	   CheY8a	   CheY	   Che-­‐cluster	   1	  REC	   	   	  
MXAN4752	   CheB8	   CheB	   Che-­‐cluster	   1	  REC,1	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MXAN	  no.	   Name	   Family	   TCS	  Organization	   Domain	  Organizationa	   Function	   Reference	  
CheB_methylesterase	  
MXAN4759	   CheY8b	   CheY	   Che-­‐cluster	   1	  REC	   	   	  
MXAN4777	   PhoP1	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   Phosphate	  homeostasis	   (16)	  
MXAN4785	   Nla3	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   	   (15)	  
MXAN4787	   PhoB	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN4794	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN4975	   	   Unclassified	   Orphan	   1	  REC	   	   	  
MXAN4977	   	   NtrC	   Orphan	   1	  REC,1	  AAA,1	  HTH_8	   	   (37,	  68)	  
MXAN5052	   	   Unclassified	   Paired	  complex	   1	  REC	   	   	  
MXAN5053	   	   PleD	   Paired	  complex	   1	  REC,	  1	  GAF,	  1	  GGDEF	   	   	  
MXAN5083	   	   LytTR	   Paired	   1	  REC,1	  LytTR	   	   	  
MXAN5124	   MrpB	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   Cell	  fate	   (137)	  
MXAN5145	   CheB3	   CheB	   Che-­‐cluster	   1	  REC,1	  
CheB_methylesterase	  
Development	  initiation	   (73,	  150)	  
MXAN5153	   CrdA,	  Nla26	   NtrC	   Paired	   1	  REC,1	  AAA,1	  HTH_8	   Nutrient	  sensor	   (73,	  150)	  
MXAN5189	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN5212	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN5313	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN5340	   	   PleD	   Orphan	   1	  REC,1	  GGDEF	   	   	  
MXAN5364	   HsfA	   NtrC	   Triad	  cluster	   1	  REC,1	  AAA_5,1	  HTH_8	   	   (142)	  
MXAN5366	   	   PleD	   Triad	  cluster	   1	  REC,1	  GGDEF	   	   	  
MXAN5505	   	   Unclassified	   Orphan	   1	  REC	   	   	  
MXAN5592	   DigR,	  SgmW	   Xre	   Paired	   1	  REC,1	  HTH	   Extracellular	  matrix	   (117)	  
MXAN5656	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN5688	   	   CheY	   Orphan	   1	  REC	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MXAN	  no.	   Name	   Family	   TCS	  Organization	   Domain	  Organizationa	   Function	   Reference	  
MXAN5777	   PilR2,	  Nla23	   NtrC	   Paired	   1	  REC,1	  AAA_5,	  1	  HTH_8	   TFP	  biosynthesis	   (157)	  
MXAN5784	   PilR	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   TFP	  biosynthesis	   (156)	  
MXAN5791	   	   PleD	   Orphan	   1	  REC,1	  GGDEF	   	   	  
MXAN5853	   Nla1	   NtrC	   Paired	   1	  REC,1	  AAA_5	   	   (15)	  
MXAN5889	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN5995	   	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   	   	  
MXAN6012	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6028	   CheB5	   CheB	   Che-­‐cluster	   1	  REC,1	  
CheB_methylesterase	  
	   	  
MXAN6032	   	   CheV	   Che-­‐cluster	   1	  REC,1	  CheW	   	   	  
MXAN6033	   CheY5	   CheY	   Che-­‐cluster	   1	  REC	   	   	  
MXAN6046	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6099	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6149	   	   NarL	   Paired	   1	  REC,1	  GerE	   	   	  
MXAN6224	   	   PrrA	   Paired	   1	  REC,1	  HTH_8	   	   	  
MXAN6296	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6413	   PhoP3	   OmpR	   Paired	   1	  REC,1	  Trans_reg_C	   Phosphate	  homeostasis	   (103)	  
MXAN6620	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6627	   SgnC	   Unclassified	   Orphan	   1	  REC,	  1	  DUF	   	   (163)	  
MXAN6693	   DifD	   CheY	   Che-­‐cluster	   1	  REC	   S-­‐motility	   (11)	  
MXAN6926	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6952	   CheB6	   CheB	   Che-­‐cluster	   1	  REC,1	  
CheB_methylesterase	  
	   	  
MXAN6956	   DotR	   CheY	   Orphan	   1	  REC	   	   (124)	  
MXAN6959	   CheB7	   CheB	   Che-­‐cluster	   1	  REC,1	   S-­‐motility	   (9)	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MXAN	  no.	   Name	   Family	   TCS	  Organization	   Domain	  Organizationa	   Function	   Reference	  
CheB_methylesterase	  
MXAN6965	   CheY7	   CheY	   Che-­‐cluster	   1	  REC	   S-­‐motility	   (9)	  
MXAN6968	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN6980	   	   PrrA	   Paired	   1	  REC,1	  HTH_8	   	   	  
MXAN7001	   	   CheY	   Triad	  cluster	   1	  REC	   	   	  
MXAN7024	   	   FrzZ	   Orphan	   1	  REC,1	  REC	   	   	  
MXAN7033	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN7143	   	   NtrC	   Paired	   1	  REC,	  1	  AAA,	  1	  HTH_8	   	   (37,	  68)	  
MXAN7150	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN7178	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN7362	   	   PleD	   Triad	  cluster	   1	  REC,	  1Hpt,	  2	  REC,1	  
GGDEF	  
	   	  
MXAN7364	   	   CheY	   Triad	  cluster	   1	  REC	   	   	  
MXAN7396	   	   CyC-­‐C	   Orphan	   1	  REC,1	  GGDEF	   	   	  
MXAN7420	   	   CheY	   Orphan	   1	  REC	   	   	  
MXAN7440	   Nla24,	  EspI	   NtrC	   Paired	   1	  REC,1	  AAA_5,1	  HTH_8	   EPS	  biosynthesis	   (78)	  
    a Domain organization of response regulators based on Pfam protein families database (31). 
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Figure 1.5.1. Response regulator families of M. xanthus. The majority of the response 
regulators of M. xanthus belong to one of eleven characterized response regulator families. 
Domain architectures of these response regulator families are shown. REC is receiver domain, 
Trans_reg_c is transcriptional regulator C-terminal domain, GerE is LuxR type DNA binding 
domain, AAA is AAA+ ATpase domain, HTH is helix turn helix DNA binding domain, 
CheB_methylest is CheB like methylesterase domain, GGDEF is cyclic-di-GMP synthase domain, 
LytTR is DNA binding domain, HD is metal dependent phosphohydrolase domain, DUF is domain 
of unknown function, Pkin is protein kinase domain, Guanylate_cyc is adenylate and guanylate 
cyclase domain, CheW is CheW-like coupling domain. 
 
 
1.5.1 Phosphate regulatory TCSs 
The PhoR/PhoB family of TCSs regulate phosphate homeostasis in 
bacteria (77). Histidine kinases of the PhoR family have a transmembrane sensor 
domain that senses reductions in periplasmic levels of inorganic phosphate 
through interactions with the phosphate specific transport system, Pst. Upon 
sensing low phosphate levels PhoR activates the PhoB response regulator, 
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which is a transcriptional activator with an N-terminal receiver domain and a C-
terminal DNA binding domain. The DNA binding domain of PhoB interacts with 
the σ70 bound RNA polymerase holoenzyme to regulate transcription of its target 
genes (70).  Two of the most important targets of the PhoR/PhoB TCS are the 
pstSCAB operon that encodes the Pst system and the phoU gene that encodes a 
phosphate dependent regulator.  
Phosphate is an important nutrient for M. xanthus growth and its 
availability regulates multicellular development (93). The phosphate regulon of M. 
xanthus is highly complex as evidenced by the three PhoR/PhoB family TCSs 
and one orphan PhoB response regulator encoded in its genome. The 
PhoR1/PhoP1 TCS, which is expressed at high levels during vegetative growth 
and development, differs from PhoR/PhoB TCSs of other bacteria because its 
expression is induced by high phosphate concentrations (16). The PhoR2/PhoP2 
and PhoR3/PhoP3 are highly similar TCSs that are involved in the expression of 
Mg-independent acid and neutral phosphatases (103). The orphan response 
regulator PhoP4 is responsible for regulating the expression of all developmental 
phosphatases as well as the pstSCAB-phoU operon that is required for 
phosphate assimilation (118). All three Pho TCSs and PhoP4 are required for 
proper fruiting body formation and sporulation (16, 103, 118).  
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Figure 1.5.2. Chemosensory TCS pathway. The prototypical Che TCS consists of a 
cytoplasmic histidine kinase CheA, two response regulators CheY and CheB a methyl accepting 
chemotaxis protein MCP, a coupling protein CheW and a methyl transferase CheR. Chemo 
attractants or repellents bind to MCP either directly or through ligand binding proteins. After 
binding of ligand the MCPs are brought in contact with CheA by CheW. Interaction with the MCPs 
results in the autophosphorylation of CheA. CheA then passes its phosphate on to one of two 
response regulators: the single domain response regulator, CheY, or the response regulator with 
a methyl esterase effector domain, CheB. CheY belongs to the  “excitation” pathway. CheB 
belongs to the “adaptation” pathway along with the methyltransferase protein CheR. 
Phosphorylation of CheB generates an “adaptation” signal that adjusts the sensitivity of the MCPs 
to the new environmental conditions. 
 
1.5.2 Chemosensory TCSs 
The chemosensory or chemotaxis TCS system of bacteria, one of the first 
identified and most well studied TCSs, is a unique TCS consisting of not only the 
histidine kinase and response regulator proteins, but also many auxiliary proteins 
that regulate its activity.  The prototypical chemotaxis TCS is the E. coli Che TCS 
that consists of a cytoplasmic histidine kinase CheA and two response regulators 
along with several auxiliary proteins required for signal sensing and output 
function (Figure 1.5.2, (13)). Chemo attractants or repellents bind to specific 
transmembrane receptor proteins known as methyl accepting chemotaxis 
proteins (MCP) either directly or through ligand binding proteins. After binding of 
	  	  
33	  
ligand the MCPs are brought in contact with CheA by the coupling protein CheW. 
Interaction with the MCPs results in the autophosphorylation of CheA. CheA then 
passes its phosphate on to one of two response regulators: the single domain 
response regulator, CheY, or the response regulator with a methyl esterase 
effector domain, CheB. CheY belongs to the  “excitation” pathway and its 
phosphorylation controls flagellar motion. Unlike other histidine kinases CheA 
does not have phosphatase activity. The levels of phospho-CheY are modulated 
by the accessory phosphatase CheZ. CheB belongs to the “adaptation” pathway 
along with the methyltransferase protein CheR. Phosphorylation of CheB 
generates an “adaptation” signal that adjusts the sensitivity of the MCPs to the 
new environmental conditions. 
M. xanthus has eight chemosensory TCSs. They all contain homologues 
of the chemotaxis proteins. Although chemosensory TCSs are usually involved in 
regulation of motility, only four of the eight M. xanthus chemosensory TCSs, Frz, 
Dif, Che4 and Che7, have been shown to regulate motility.  
The Frz system contains FrzE, a hybrid histidine kinase with a CheA like 
kinase domain and a CheY like response regulator domain; FrzZ, a response 
regulator with two CheY like receiver domains; FrzG, a CheB like response 
regulator; two CheW homologues, FrzA and FrzB; an MCP FrzCD and a CheR 
homologue FrzF. Gliding swarms of M. xanthus cells periodically reverse their 
direction of motion in order to achieve directed motility (159) and the Frz 
chemosensory TCS is the master regulator of cell reversal frequency. This 
makes the Frz TCS essential for swarming in nutrient rich media and for 
	  	  
34	  
aggregation during fruiting body formation under starvation conditions. While the 
frz mutants are not defective in either A or S motility, it was found that these 
mutants are unable to control reversal frequency. This loss in the ability to control 
cell reversal leads to a loss of cell-cell coordination and directed group 
movements.  
The Frz TCS is also required for chemotaxis. Even though movement 
towards nutrients appeared to be a vital function of M. xanthus cells, it was not 
clear for a long time whether this bacterium could perform chemotaxis as its rate 
of movement is slower than the rate of diffusion of small molecules. However, Shi 
et al., (1993) showed that M. xanthus was indeed capable of chemotactic 
behaviour that is regulated by the Frz TCS (129). They found M. xanthus 
exhibited directed movement towards areas with abundant nutrients such as 
yeast extract or Casitone and moved away from areas of no nutrient or from 
short chain alcohols and dimethyl sulfoxide.  
The Dif TCS is composed of DifE, a CheA family transmembrane histidine 
kinase, and DifD, a CheY family response regulator along with several accessory 
chemotaxis proteins. An unusual feature of the Dif TCS is that it does not contain 
the components of the adaptation pathway, namely a CheR methyltransferase 
and a CheB methylesterase. Motility assays revealed that M. xanthus strains with 
mutations in difA, difD or any of the accessory chemotaxis genes of the Dif TCS 
are defective in S motility (4, 11). Further analysis of the Dif system showed that 
DifA and DifD regulated S motility through EPS production (11). One model for 
the Dif regulation of EPS is a feedback loop where the signal sensed by DifD is 
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EPS on neighbouring cells (10). Recent studies indicate that the Che7 
chemotaxis TCS interacts with the Dif TCS in regulating EPS production (9).  
The Dif TCS is also required for chemotaxis towards 
phosphatidylethanolamine (12). It regulates chemotaxis in response to dioleoyl 
phosphatidylethanolamine (18:1 PE), which is a common component of bacterial 
cell walls that M. xanthus preys on. However, Dif TCS is not required for 
chemotaxis towards 1,2-O-Bis[11-(Z)-hexadecenoyl]-sn-glycero-3-
phosphatidylethanolamine (16:1 PE), which is a common component of M. 
xanthus cell wall but uncommon in other bacteria. This suggests that the Dif TCS 
is required for nutrient scavenging and hunting. 
Like the Dif and the Che7 TCSs, the Che4 TCS also regulates TFP 
powered S motility (147). The Che4 TCS consists of the MCP homologue MCP4, 
two coupling proteins CheW4A and CheW4B, a hybrid transmembrane histidine 
kinase CheA4, a response regulator CheY4 and a methyl transferase CheR4. 
Analysis of single cell motility revealed that the Che4 TCS regulates cell reversal 
frequency of the S motility engine most likely through interactions with the master 
regulator of cell reversal, the Frz TCS, to regulate S motility cell reversal (97). 
Unlike most chemosensory TCSs, the Che3 TCS of M. xanthus does not 
appear to play a role in motility. Instead, the Che3 TCS regulates entry into 
development. The che3 gene cluster encodes two mcp genes mcp3A and mcp3B, 
one cheW gene cheW3, a hybrid cheA gene cheA3, a cheB response regulator 
gene cheB3, and a cheR gene cheR3.  Interestingly, the che3 cluster does not 
code for a CheY like response regulator. Mutations in the che3 genes results in 
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early sporulation in starvation conditions although sporulation efficiency is 
reduced to less than 0.1% that of wild type (73). Additionally, these mutations 
result in sporulation in rich media (73). Thus, the Che3 TCS appears to regulate 
entry into development in response to nutrient availability. 
Although the Che5, Che6 and Che8 TCSs have not been characterized 
extensively, preliminary data indicate that Che6 is involved in TFP assembly and 
Che8 is involved in riboflavin biosynthesis (72). 
1.5.3 Orphan histidine kinases 
M. xanthus encodes 69 orphan histidine kinases in its genome out of 
which 24 are hybrid histidine kinases and 45 are classical histidine kinases 
(Table 1.5.1). Several of the orphan hybrid histidine kinases have been 
characterized and shown to be important for development (see Section 1.5.5 
Hybrid Histidine Kinases). However, only two of the orphan classical histidine 
kinases have been characterized so far. These are the developmentally 
important histidine kinases SdeK and TodK. These are both cytoplasmic histidine 
kinases that, together with the C-signal, regulate the events of fruiting body 
formation (120, 124). Both TodK and SdeK are required for the temporal 
coordination of the events of fruiting body formation, but appear to play opposite 
roles. While loss of TodK function leads to early aggregation and sporulation 
(124), the loss of SdeK function delays aggregation and sporulation (34, 120). 
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1.5.4 Orphan response regulators 
M. xanthus  has 60 orphan response regulators (Table 1.5.2). Only 9 of 
these have been characterized, and all of them proved to be important for 
various stages of the M. xanthus life cycle. 
Perhaps the best characterized M. xanthus orphan response regulator is 
FruA of the NarL family (61). Expression of fruA is regulated by the A-signaling 
network while its activity is regulated post-translationally by the C-signaling 
network (30). Genetic evidence suggests that it is a functional response regulator 
that is activated by phosphorylation at Asp59. C-signal dependent activation of 
FruA is essential for the completion of the developmental process. FruA 
constitutes a branching point for the C-signaling network. It accomplishes this by 
regulating aggregation and sporulation through two different pathways. 
Aggregation is regulated by FruA through the transcriptional regulation of the frz 
TCS operon, the master regulator of cell reversal frequency (135); and 
sporulation is regulated through the transcriptional regulation of the dev operon 
(30), which is required for successful sporulation (140). 
Orphan response regulators play an important role in the regulation of 
both A and S motility. The two orphan response regulators FrzS and RomR 
interact with the Frz chemosensory TCS to coordinate cell reversal frequency 
and thus directed motion (81). Both proteins contain an N-terminal response 
regulator domain and a long coiled coil C-terminal domain of undefined function 
(39). The FrzS and RomR response regulators act as downstream effectors of 
the Frz TCS to regulate cell reversal frequency of the S and A motility engines, 
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respectively (7, 81). Although the localization of FrzS at the leading pole of the 
cell along with TFP initially suggested that FrzS regulates TFP 
extraction/retraction (99), it has been recently shown that FrzS actually regulates 
S motility through EPS production not TFP function (7). Unlike FrzS, RomR, the 
regulator of A motility reversal frequency, localizes at the lagging pole of the cell 
(81). Analysis of cellular localization of RomR revealed that relocation of the 
RomR cluster to the new lagging pole is simultaneous with and essential for cell 
reversals (81). Even though the oscillation of FrzS and RomR are independent of 
each other, they are both regulated by the Frz TCS synchronously, hence 
ensuring the synergistic polarity switching of the A and S motility engines (81). 
1.5.5 Hybrid histidine kinases 
A hybrid histidine kinase consists of a transmitter domain as well as a 
receiver domain (Figure 1.5.3). The hybrid histidine kinase autophosphorylates at 
its transmitter domain and then transfers the phosphate to its receiver domain. 
The phosphate is then shuttled through a histidine phosphotransferase protein to 
a terminal response regulator protein. M. xanthus has 38 hybrid histidine kinases 
(Table 1.5.1). Although mutational analysis indicates that 11 of these kinases are 
important for development, the role played in development by only a few are 
known.  
Hybrid histidine kinases play a central role in the production of A-signal. 
Although, it is unclear how A-signal is produced, two orphan hybrid histidine 
kinases, AgsA and AsgD, are required for the production of A-signal. Defects in 
the protein AsgA, a hybrid histidine kinase with an N-terminal receiver domain 
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and a C-terminal histidine kinase domain (119), causes cells to be unable to 
produce or respond to A-signal (74, 75). The other hybrid histidine kinase that is 
important for A- signaling is the AsgD (19). AsgD, like AsgA, possesses an N-
terminal receiver domain and a C-terminal response regulator domain. M. 
xanthus strains with mutations in asgD are able to respond to A-signaling but are 
not able to produce wild type levels of A-signal. Interestingly, AsgD also appears 
to be a nutrient sensor. asgD mutants are able to form fruiting bodies only in 
stringent starvation conditions. However, in the presence of minimal amounts of 
Casitone, which is a source of amino acids, the asgD mutant is not able to form 
fruiting bodies. Thus, AsgD is involved in sensing the levels of amino acids 
present in the environment and in producing the amino acid quorum signal, A-
signal.  
 
Figure 1.5.3. Hybrid histidine kinase signal transduction pathway. The hybrid histidine 
kinase consists of a transmitter domain as well as a receiver domain (REC). The transmitter 
domain is divided into a dimerization and histidine phosphorylation domain (DHp) and a catalytic 
and ATP binding domain (CA). It autophosphorylates at the DHp of its transmitter domain and 
then transfers the phosphate to its REC domain The phosphate is then shuttled through a 
histidine phosphotransferase (Hpt) protein to a terminal response regulator protein.  
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1.5.6 Complex TCS pathways 
Although, the prototypical TCS is a linear signal transduction system, by 
taking advantage of the modular nature of the TCS architecture, M. xanthus has 
created several complex branched signal transduction networks using TCS 
proteins (Figure 1.5.4). 
M. xanthus possesses seven gene clusters encoding complex TCS 
systems. Among these the best studied is the RedCDEF system that regulates 
temporal coordination of the fruiting body formation process. The RedCDEF TCS 
is a complex signal transduction system that consists of the transmembrane 
histidine kinase RedC, the dual receiver domain response regulators RedD, the 
histidine kinase like protein RedE and the single receiver domain response 
regulator RedF (58). In the absence of a signal that triggers progression of 
development RedC phosphorylates the response regulator RedF, which goes on 
to repress the progression of development. When a developmental signal is 
present RedC phosphorylates RedD, which passes on its phosphoryl group to 
RedE. RedE then goes on to dephosphorylate and thus deactivate RedF. This 
removes the repression and development can proceed. This signal transduction 
pathway provides an excellent example of how M. xanthus has rearranged and 
combined TCS systems in order to detect and respond to the ever changing 
environmental cues that it is exposed to. 
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Figure 1.5.4. Branched TCS pathways. In branched TCS pathways one histidine kinase can 
regulate more than one response regulators (A) or several histidine kinases can regulate one 
response regulator (B). 
 
1.5.7 σ54 activator TCSs 
In order to initiate transcription the bacterial RNA polymerase core 
enzyme (E) has to bind to an initiation factor known as the σ factor that directs 
the RNA polymerase holoenzyme (Eσ) to its target promoters and dictates the 
promoter specificity. There are two families of σ factors, σ70 and σ54. While there 
are many different members of the σ70 family, bacterial genomes generally have 
only one σ54. Transcription from σ54-dependent promoters is regulated by signal 
transduction networks that detect intra and extracellular signals (35, 133). The 
Eσ54 holoenzyme binds to its recognition sequence in the promoter region and 
forms a transcriptionally inactive closed complex. Unlike, the Eσ70-promoter 
complex, the Eσ54-promoter complex requires the help of a σ54-activator protein, 
often called an enhancer binding protein (EBP), to isomerize to a transcriptionally 
active complex. EBPs typically belong to signal transduction networks and 
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regulate the activity of σ54-dependent promoters in response to environmental 
cues. The best characterized class of EBPs are response regulators that belong 
to the NtrB/NtrC TCS family. The NtrC like response regulators have an N-
terminal receiver domain followed by a AAA+ ATPase domain (ATPases 
associated with various cellular activities) that contains a σ54 interaction module 
and a C-terminal DNA binding domain. They are transcriptional regulators that 
target genes with σ54 promoters. Upon activation by their cognate histidine 
kinases, they bind to their target DNA sequence known as an enhancer 
sequence, which is typically found upstream of the σ54 recognition sequence in 
the promoter region. DNA binding is followed by ATP hydrolysis that enables 
them to activate transcription from the Eσ54-promoter (149).  
 
 
Figure 1.5.5.  Developmental EBP cascade. An EBP transcriptional cascade regulates 
progression through the M. xanthus fruiting body developmental cycle. The EBPs are activated 
chronologically during the early stages of development. This transcriptional cascade is 
propagated by each EBP directly activating the expression of the EBP required for the next stage 
of the developmental cycle.  
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    Table 1.5.3. List of σ54 activator TCSs of M. xanthus 
Histidine	  
Kinase	  
MXAN	  no.	  
Histidine	  
Kinase	  
Name	  
Histidine	  
Kinase	  
Localization	  
Response	  
Regulator	  MXAN	  
no.	  
Response	  
Regulator	  
Name	  
TCS	  
Organization	  
References	  
	   	   	   MXAN0172	   	   Orphan	   (37,	  68)	  
MXAN0938	   Nla7S	   TM	   MXAN0937	   Nla7	   Paired	   (15)	  
MXAN1077	   SpdS	   Cytoplasmic	   MXAN1078	   SpdR,	  Nla19	   Paired	   (46,	  141)	  
MXAN1129	   FrgB	   Cytoplasmic	   MXAN1128	   FrgC,	  Nla25	   Paired	   (18)	  
MXN1166	   Nla28S	   TM	   MXAN1166	   NLA28	   Paired	   Chap	  2,	  (15)	  
MXAN1190	   	   TM	   MXAN1189	   	   Paired	   (37,	  67)	  
MXAN1249	   SasS	   TM	   MXAN1245	   SasR	   Paired	   (45,	  160)	  
	   	   	   MXAN2516	   Nla4	   Orphan	   (15,	  83,	  115)	  
	   	   	   MXAN3214	   ActB	   Paired	  complex	   (44)	  
MXAN3419	   Nla17S	   TM	   MXAN3418	   Nla17	   Paired	   (15)	  
	   	   	   MXAN3555	   	   Orphan	   (37,	  67)	  
MXAN3812	   Nla13S	   TM	   MXAN3811	   Nla13	   Paired	   (15)	  
MXAN4043	   Nla6S	   Cytoplasmic	   MXAN4042	   Nla6	   Paired	   Chap	  3,	  (15,	  36,	  38)	  
MXAN4197	   	   TM	   MXAN4196	   	   Paired	   (37,	  67)	  
	   	   	   MXAN4240	   Nla22	   Orphan	   (15)	  
MXAN4251	   Nla20S	   TM	   MXAN4252	   Nla20	   Paired	   (15)	  
MXAN4262	   	   TM	   MXAN4261	   	   Paired	   (37,	  67)	  
MXAN4579	   Nla8S	   TM	   MXAN4580	   Nla8	   Paired	   (15)	  
MXAN4786	   Nla3S	   TM	   MXAN4785	   Nla3	   Paired	   (15)	  
	   	   	   MXAN4977	   	   Orphan	   (37,	  67)	  
MXAN5123	   MrpA	   TM	   MXNA5124	   MrpB	   Paired	   (137)	  
MXAN5184	   CrdS	   TM	   MXAN5153	   CrdA,	  Nla26	   Paired	   (15,	  150)	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Histidine	  
Kinase	  
MXAN	  no.	  
Histidine	  
Kinase	  
Name	  
Histidine	  
Kinase	  
Localization	  
Response	  
Regulator	  MXAN	  
no.	  
Response	  
Regulator	  
Name	  
TCS	  
Organization	  
References	  
MXAN5365	   HsfB	   Cytoplasmic	   MXAN5364	   HsfA	   Triad	  cluster	   (142)	  
	   	   	   MXAN5689	   Nla15	   Orphan	   (15)	  
MXAN5778	   PilS2	   TM	   MXAN5777	   Nla23,	  PilR2	   Paired	   (15,	  157)	  
MXAN5785	   PilS	   TM	   MXAN5784	   PilR	   Paired	   (156)	  
MXAN5852	   Nla1S	   TM	   MXAN5853	   Nla1	   Paired	   (15)	  
MXAN7142	   	   TM	   MXAN7143	   	   Paired	   (37,	  67)	  
MXAN7439	   Nla24S	   TM	   MXAN7440	   Nla24,	  EpsI	   Paired	   (78)	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σ54 dependent gene regulation appears to play a more prominent role in δ 
proteobacteria than in other classes of bacteria as evidenced by the large 
number of σ54 activators in these bacterial genomes (64). As a result these 
bacteria have a greater capacity to regulate gene expression in response to 
environmental changes. Although, σ54 is not essential for growth in most bacteria, 
it is essential for M. xanthus (66). The importance of σ54 regulated gene 
expression in M. xanthus is further evidenced by the high number of σ54 activator 
TCS genes encoded in its genome (Table 1.5.3, (39)). Whereas most bacterial 
genomes have 5 to 10 σ54 activator TCSs, the M. xanthus genome harbours 22 
paired σ54 activator TCSs and 7 orphan σ54 activator response regulators of the 
NtrC family. Interestingly, unlike the other classes of TCS genes in M. xanthus, a 
majority of the σ54 activator TCSs genes are arranged in pairs. As σ54 regulates 
transcription in response to environmental signals, it is reasonable that M. 
xanthus would use this system to regulate developmental gene expression in 
response to changes in the environment.  A large number of these TCSs have 
been shown to be important for development. They play a role in all stages of the 
M. xanthus life cycle. Many developmentally important genes have putative σ54 
promoters, suggesting the importance of gene regulation in response to 
environmental signals during the developmental cycle.  
Recently Giglio, et al (2011) showed that a novel cascade of EBPs 
regulate expression of genes that are important for the successful progression 
through development (36).  In this cascade made up of six EBPs, the EBPs are 
activated chronologically during the early stages of development (Figure 1.5.5). 
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This transcriptional cascade is propagated by each EBP directly activating the 
expression of the EBP required for the next stage of the developmental cycle. 
Four of the six EBPs in this cascade are NtrC family response regulators. The 
cascade is initiated by the Nla18 and Nla4 EBPs. Nla18 is one of the two non-
NtrC EBPs of the cascade. It is an EBP with a forkhead domain and presumably 
interacts with a serine/threonine kinase. Nla4 is an orphan response regulator. 
These EBPs are both important for growth as evidenced from the severe 
retardation of growth rate caused by mutations in either of these genes (24, 115).  
They are also essential for development. An M. xanthus strain with an insertion 
mutation in nla18 was slightly delayed in aggregation but was unable to sporulate, 
while nla4 insertion mutants where delayed in aggregation by upto 72 hours and 
showed a 500 fold reduction in sporulation when compared to wild type (15). 
Both Nla4 and Nla18 EBPs activate the expression of the nla6 EBP gene. Nla6 is 
a response regulator that is active from around 2 hours post starvation and 
activates the expression of the nla28 EBP that is also active at the same time. 
Nla28 is also a response regulator. Both Nla6 and Nla28 are active from about 2 
hours post starvation, which is the preaggregation stage of development. Nla6 
and Nla28 are the first EBPs in the cascade specific for development. They both 
belong to TCSs that regulate a wide range of cellular processes during 
development (Figure 1.5.6). These EBPs regulate the activation of the orphan 
response regulator EBP ActB. ActB is activated about 6 hours post starvation 
during the aggregation stage of development and activates the terminal EBP of 
the cascade MXAN4899, which, like Nla18, is a forkhead domain EBP. In 
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addition to regulating the expression of the succeeding EBPs in the cascade, all 
six EBPs also play indispensible roles in development by regulating genes 
required for various important developmental functions. The following sections 
describe the role of σ54 activator of TCSs throughout the progression of fruiting 
body development. 
 
Figure 1.5.6. Nla6S/Nla6 TCS and Nla28S/Nla28 TCS function. Nla6S/Nla6 and Nla28S/Nla28 
TCSs regulate several essential cellular processes during fruiting body formation. Both TCSs 
regulate important processes such as gene transcription, signal trasduction, quorum sensing and 
sporulation. The Nla6S/Nla6 TCS regulate exopolysaccharide biosynthesis and transport. The 
Nla28S/Nla28 TCS is involved in nutrient sensing and motility.  
 
 
1.5.7.1 σ54 activator TCSs in initiation of development 
As the depletion of nutrients is one of the main signals for initiation of 
fruiting body development, nutrient levels have to be monitored closely so that 
development can be initiated at the correct time. M. xanthus uses nutrient 
sensors to monitor nutrient levels throughout its life cycle. Several σ54 activator 
TCSs are important for nutrient sensing and regulating entry into development. 
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Among these Nla28S/Nla28, Nla4 (115), CrdS/CrdA (150), SpdS/SpdR and 
MXAN3555 (68) are the most important. 
Initiation of development is regulated in response to starvation by the 
stringent response and accumulation of [p]ppGpp in M. xanthus (48). Given the 
importance of σ54-dependent transcription in the M. xanthus life cycle, it is not 
surprising that the stringent response in M. xanthus is regulated by the σ54 
activator response regulator Nla4 (115). Ossa, et al., (2007) showed that an M. 
xanthus strain with an nla4 mutation was not able to produce [p]ppGpp. 
Expression analysis of the nla4 mutant showed that the [p]ppGpp synthase gene, 
relA, is severely downregulated in this mutant. Since a putative σ54-dependent 
promoter was detected upstream of the relA gene, it was postulated that Nla4 
directly regulates the expression of relA. This was verified by electrophoretic 
mobility shift assays (EMSA) that showed that Nla4 could indeed bind to the 
promoter region of the relA gene (83). This is the only reported instance of σ54 
regulation of stringent response in bacteria. By using a σ54-dependent promoter 
and a TCS response regulator to regulate relA synthesis, M. xanthus ensures 
that relA gene synthesis is responsive to changes in the environment. 
The role played by the CrdS/CrdA σ54 activator TCS in initiation of 
development provides a good example of the integration of information from 
multiple signal transduction networks to regulate initiation of fruiting body 
development. This TCS works in cooperation with the Che3 chemotaxis TCS 
((73), see Section 1.5.2 Chemosensory TCSs above) to detect availability of 
nutrients. The hybrid histidine kinase CheA3 of the Che3 TCS and the 
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transmembrane CrdS histidine kinase both regulate the activity of the CrdA 
response regulator (73, 150). In vitro phosphotransfer analysis revealed that 
while CrdS activates CrdA by phosphorylation, CheA3 destabilizes the 
phosphorylation of CrdA and hence it most likely acts to inhibit CrdA. This idea is 
further supported by mutational analysis that shows that Che3 TCS mutants and 
CrdS/CrdA mutants have opposite phenotypes. While the Che3 mutants 
sporulate 12 to 24 hours earlier than wild type and produce only 0.1% of wild 
type spores, the CrdS/CrdA mutants are delayed by 12 to 24 hours in 
development, but sporulate efficiently (73, 150). Since Che3 TCS mutants also 
exhibit sporulation in the presence of abundant nutrients (73), it can be 
postulated that the Che3 TCS is a nutrient sensor that inhibits initiation of 
development by inhibiting CrdA activity in the presence of nutrients. When 
starvation sets in, CrdA is activated by CrdS and it can go on to regulate the 
expression of developmental genes.   
The SpdS/SpdR σ54 activator TCS is another important nutrient sensor 
that inhibits development in the presence of nutrients. Mutations in spdR (also 
known as nla19 (15)) cause the expression of developmental genes in vegetative 
cells and lead to fruiting body formation and sporulation at nutrient conditions that 
inhibit development in wild type cells (46, 141). Furthermore spdR mutants 
develop and sporulate faster than wild type indicating that loss of this nutrient 
sensor also affects temporal coordination of fruiting body formation. 
Unlike, the above mentioned TCSs, the orphan NtrC like response 
regulator MXAN355 appears to be a promoter of development. Mutation analysis 
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of this response regulator gene has shown that although an MXAN3555 mutant 
can aggregate to form fruiting bodies and sporulate efficiently under stringent 
starvation conditions (37), its aggregation was delayed by at least 48 hours 
compared to wild type and its sporulation efficiency was only 10% of wild type in 
slow starvation conditions when limited amounts of nutrients are present (68). As 
development is not affected by a mutation in MXAN3555 in the absence of all 
nutrients but is inhibited in the presence of limited amounts of nutrients, it is 
possible that MXAN3555 is involved in promoting development in response 
nutrient depletion. 
The Nla28S/Nla28 σ54 activator TCS is also an important nutrient sensor 
that regulates sporulation in response to nutrient availability (see Chapter 2). 
Mutations in either nla28S or nla28 results in sporulation defect. Remarkably, the 
sporulation defect of the nla28S mutant is greatly enhanced in slow starvation 
conditions when limited amounts of nutrients are available. This leads to the 
postulation that the Nla28S/Nla28 TCS regulates sporulation in response to 
nutrient availability. 
1.5.7.2 σ54 activator TCSs in motility 
The ability of M. xanthus to move on solid surfaces is central to 
maintaining its social life style both during vegetative growth and fruiting body 
development. σ54 activator TCSs play essential roles in regulating both A and S 
motility of M. xanthus. 
The σ54 activator TCSs control S motility by regulating the biosynthesis of 
the two most important components of the S motility engine, the pilus and EPS. 
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The expression of the major component of the pilus, the PilA protein, is regulated 
by the σ54 activator TCS, PilS/PilR (156). While mutations in either pilS or pilR 
affect pilA expression, their effects are opposite. Expression of pilA is 
downregulated in a pilR mutant, but upregulated in a pilS mutant. This suggests 
that, in contrast to the accepted model of TCSs in which response regulator 
function is positively regulated by their cognate histidine kinase, in this TCS the 
PilS histidine kinase appears to act as an inhibitor of PilR. The PilS/PilR TCS is 
not the only regulator of pilA (156). Its expression is downregulated to 35% of 
wild type levels in an nla28 mutant and using EMSA it has been shown that 
Nla28 interacts with the pilA promoter region (107) indicating that the 
Nla28S/Nla28 TCS is also an important regulator of pilA and thus S motility. 
Biogenesis of EPS is regulated by the Nla24S/Nla24 σ54 activator TCS, 
(Nla24 is also known as EspI) (78, 90).  M. xanthus strains with an nla24 
mutation are defective in S motility even though they produce TFP. Further 
investigation revealed that these strains are not able to produce EPS, the 
receptor for TFP, and hence were S motility deficient.  
The Nla24S/Nla24 TCS also regulates A motility. Cells with mutations in 
nla24 are defective in A motility (78). Although the exact role played by Nla24 in 
A motility is not known, expression analysis of the nla24 mutant strains using 
qPCR showed that two important genes for A motility, aglU and cglB (162), are 
downregulated in this mutant suggesting that their activation is regulated by 
Nla24 (78). Sequence analysis of the M. xanthus genome indicates that cglB has 
a putative σ54 recognition sequence upstream of the coding region, while aglU 
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forms part of an operon that also has a putative σ54 recognition sequence in its 
promoter region (21). This raises the possibility that the Nla24S/Na24 TCS 
regulates A motility by directly regulating the expression of aglU and cglB. 
1.5.7.3 σ54 activator TCSs in quorum sensing 
Once A-signal is produced cells have to detect it and modulate cellular 
processes in response to it. M. xanthus uses the SasS/SasR σ54-activator family 
TCS to detect and respond to A-signal (Figure 1.2.2, (45, 160)). SasS is a 
histidine kinase with two transmembrane helices in its sensor domain that most 
likely senses extracellular levels of A-signal.  M. xanthus strains carrying 
mutations in sasS cannot respond to A-signal even though they produce wild 
type levels of A-signal. Upon detection of A-signal, SasS activates the NtrC like 
response regulator SasR, which activates the transcription of genes required for 
development. 
The Nla28S/Nla28 TCS plays a distinctive role in the A-signaling network 
by responding to and regulating production of A-signal (Figure 1.2.2). We have 
recently shown that the expression of the nla28S/nla28 TCS operon is regulated 
by A-signal (see Chapter 2). nla28S expression in an A-signal mutant was 
decreased two fold in comparison to wild type. However, addition of exogenous 
A-signal to the mutant was able to restore the nla28S expression, showing that 
expression of nla28S, and hence the nla28S/nla28 TCS operon, is A-signal 
dependent.  Interestingly, two lines of evidence suggest that the Nla28S/Nla28 
TCS is also involved in regulating A-signal production. First, an nla28 mutant fails 
to rescue the developmental defect of an A-signal mutant (15), and second, the 
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expression of asgA, a key player in A-signal production, appears to be regulated 
by the Nla28S/Nla28 TCS (107). Additionally, as the expression of this TCS 
operon is autoregulated (36), it can be proposed that the Nla28S/Nla28 TCS 
forms part of an A-signaling feedback loop where this TCS is activated upon 
detecting A-signal and then goes on to activate the expression of genes required 
for A-signal production. Furthermore, as mentioned above, since the 
Nla28S/Nla28 TCS is also a nutrient sensor, it appears that the detection of 
nutrient availability and cell density converge through this TCS. 
C-signal production is also proposed to be regulated by a σ54 activator 
TCS mediated feedback loop (Figure 1.2.3). An insertion mutation in the orphan 
NtrC like response regulator gene actB produces wild type levels of A-signal but 
shows severe defect in C-signal production (40, 44). This reduction in C-signal 
production is not due to defects in earlier stages of development because the 
actB mutation does not affect early developmental and C-signal independent 
genes (44). Also, the actB mutant exhibits wild type aggregation but fails to 
produce viable spores (41). Furthermore, this strain is not able to detect C-signal 
as assessed from the inability of C-signal producing wild type cells to rescue the 
development defects of actB mutants (40). Moreover, there is no detectable 
production of the C-signal protein CsgA in an actB mutant (40). Thus it appears 
that ActB regulates a positive feedback loop of C-signal dependent increase of 
csgA (40). 
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1.5.7.4 σ54 activator TCSs in programmed cell death 
In recent years it has become evident that programmed cell death is a 
necessary part of bacterial multicellular development (for reviews see (82, 127)). 
During fruiting body formation in M. xanthus only about 10% of cells undergo 
sporulation while the majority of cells undergo obligatory autolysis (153) 
orchestrated by the toxin-antitoxin (TA) system composed of MazF-mx and MrpC 
(108).  Although, in most bacterial genomes, the mazF toxin gene typically forms 
part of an operon with the cognate mazE antitoxin gene (101), the mazF-mx 
gene was found to be an orphan gene and no mazE homologues where found in 
the M. xanthus genome (108). Even more surprisingly it was found that the 
transcriptional activator MrpC acted as the antitoxin for MazF-mx. Expression 
analysis suggests that while mrpC expression is repressed during vegetative 
growth (109), it is upregulated during early development by the MrpA/MrpB σ54 
activator TCS (137). Thus, by using a TCS coupled with σ54 dependent 
transcription, M. xanthus regulates the expression of the MrpC antitoxin, and 
therefore cell fate, in response to early developmental signals. 
1.5.7.5 σ54 activator TCS in sporulation 
The intracellular starvation signal [p]ppGpp and the intercellular quorum 
signal A-signal are used by cells to communicate the onset of starvation. Once 
cells have assessed that starvation has set in, they need to progress with the 
developmental cycle. The temporal and spatial coordination of aggregation and 
sporulation is crucial to the successful completion of fruiting body formation.  
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The Nla6S/Nla6 TCS and the Nla28S/Nla28 TCS are vital for the 
successful morphogenesis of rod shaped vegetative cells in the fruiting body into 
stress resistant spherical myxospores. Development and sporulation assays 
showed that while mutations in either nla6 or nla28 reduced fruiting body 
sporulation efficiency under stringent starvation conditions upto 50-500 fold of 
wild type levels, only mutations in nla6 affected glycerol induced sporulation in 
nutrient rich conditions (15). Since mutants that are defective in the early stages 
of development are still able to form spores upon addition of glycerol (79), it can 
be inferred that the glycerol induced sporulation pathway does not proceed 
through the same stages of fruiting body sporulation, but instead activates 
sporulation directly.  Thus the fruiting body and glycerol sporulation efficiencies of 
these TCS mutants indicate that whereas the Nla6S/Nla6 TCS is required for 
morphogenesis of rod shaped cells to spherical spores, the Nla28S/Nla28 TCS is 
required for the maturation of spores to gain stress resistance. The Nla6S/Nla6 
TCS most likely affects sporulation by regulating expression of the exo operon 
(38), which is essential for spore morphogenesis because it encodes enzymes 
that are necessary for secretion of spore coat polysaccharides (106).  qPCR 
analysis of exo expression in an nla6 mutant shows that it is downregulated to 
30% of wild type levels. Also, using EMSA it was found that Nla6 binds to the 
promoter region of exo. These data indicate that the Nla6S/Nla6 TCS directly 
regulates the expression of exo during development. 
 
 
	  	  
56	  
1.6 Conclusions 
Signal transduction through TCSs is central to the fruiting body 
development process of M. xanthus. In order to regulate large scale changes in 
gene expression in response to environmental changes M. xanthus makes 
extensive use of σ54 activator TCSs. M. xanthus is not alone in using σ54 activator 
TCSs during biofilm formation. Pathogenic bacteria such as P. aeruginosa, Vibrio 
cholerae and Helicobacter pylori use σ54 activator TCSs to regulate many biofilm 
associated traits such as quorum signaling, motility and virulence (8, 110, 122, 
136). Elucidation of the mechanism of action of the M. xanthus σ54 activator TCSs 
has greatly advanced our understanding of this important gene regulation 
process. 
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Chapter 2 The Nla28S/Nla28 two component signal transduction system 
regulates sporulation in Myxococcus xanthus 
2.1 Introduction 
The rod-shaped Gram-negative soil bacterium Myxococcus xanthus is an 
ideal model for studying multicellular behavior in bacteria.  In nature, M. xanthus 
is a microbial predator; large swarms of M. xanthus cells obtain nutrients from 
prey microbes by secreting pools of digestive enzymes (46).  When they are 
starving, M. xanthus cells stop searching for prey.  Instead, they build 
multicellular fruiting bodies that contain dormant, stress-resistant myxospores, 
which are well suited for survival during long bouts of starvation.  
Fruiting body development occurs in an ordered series of steps, starting with 
the starvation-induced accumulation of the intracellular alarmone guanosine-
5’(tri)di-phosphate-3’diphosphate [p]ppGpp, (6, 8, 34, 53).  Accumulation of 
[p]ppGpp informs individual cells that they are starving and it is time to start the 
transition from feeding and growth to development.  After [p]ppGpp accumulates, 
cells wait several hours before they begin to aggregate.  During this period, 
referred to as pre-aggregation, cells ascertain whether the density of the starving 
cell population is sufficient to construct fruiting bodies.  A diffusible quorum signal 
known as A-signal serves as the cell density indicator (21, 22, 37).  If the level of 
this quorum signal is high enough, M. xanthus cells initiate the morphological 
changes needed to build fruiting bodies: cells move into aggregation centers, 
they form dome shaped fruiting bodies and they differentiate into myxospores.  
The execution of these morphological changes is controlled by progressively 
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higher levels of a contact-stimulated, surface-associated cell-cell signaling 
protein known as C-signal (9, 17, 30, 49). 
 The behavioral and morphological events that occur during fruiting body 
development are accompanied by large-scale changes in gene expression (3, 
14, 18).  M. xanthus developmental genes are activated sequentially and, in the 
case of several genes linked to sporulation, expression is spatially localized to 
the fruiting body structure (15, 43).  It is believed that developmental signals such 
as A-signal and C-signal coordinate these global changes in gene expression 
directly or indirectly through signal transduction circuits (11, 20).  A number of 
transcriptional regulators that directly modulate expression of developmental 
genes have been identified (1, 3, 7, 10, 35).  However, the signal transduction 
circuits that link particular developmental signals to the temporal and spatial 
expression of developmental genes remain largely undefined.  Here, we define a 
signal transduction system (Nla28S/Nla28) that is expressed in response to A-
signal accumulation and that regulates M. xanthus sporulation.   
Nla28 was originally identified in a search for enhancer binding proteins 
(EBPs) that are important for fruiting body development; a mutation in nla28 
causes a slight delay in aggregation and a strong decrease in the number of 
viable, stress resistant myxospores (2).  Recently, it was shown that Nla28 is a 
key component in an EBP cascade that regulates expression of important genes 
during early development (3).  The targets of EBPs are genes with σ54 promoter 
elements; the signal activated ATPase function of EBPs allows σ54-RNA 
polymerase to form an open σ54-promoter complex and initiate transcription (4, 
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32, 45).  EBPs typically activate gene expression in response to a specific 
interaction with a signal transduction partner that detects a particular 
environmental cue (48).  Indeed, Nla28 is predicted to be a response regulator in 
a two component signal transduction system or TCS (5).  In TCSs that contain 
EBPs such as Nla28, the EBP activates gene expression in response to 
phosphorylation by a histidine kinase protein that detects a particular 
environmental signal (16).  In the case of the Escherichia coli response regulator 
NtrC, which is one of the prototype EBPs, phosphorylation induces 
oligomerization and its ATPase activity, which is essential for transcriptional 
activation (4, 19, 38, 55).  
The goals of the study presented here were to identify and characterize the 
histidine kinase that modulates the activity of Nla28. Histidine kinase and 
response regulator genes that code for TCS partners are often genetically linked 
(27).  As sequence analysis of the M. xanthus genome indicated that the putative 
histidine kinase gene nla28S forms an operon with the nla28 gene (5), we 
classified Nla28S as a strong candidate for the histidine kinase partner of Nla28.  
In the in vitro studies presented here, we showed that Nla28S has the signature 
biochemical properties of a histidine kinase protein and that the phosphotransfer 
from Nla28S to Nla28 is specific. Since a response regulator and its histidine 
kinase partner are part of the same signal transduction network, mutations in the 
genes that encode these proteins are likely to produce similar phenotypes.  
Indeed, a mutation in nla28S produced a similar, but weaker developmental 
phenotype than a mutation in nla28 (2); both mutations primarily affected 
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sporulation. Furthermore, we find that although the M. xanthus Δnla28S strain 
has a sporulation defect in stringent starvation media, this defect is even higher 
in slow starvation media. Taken together, our results indicate that Nla28S is the 
in vivo histidine kinase partner of Nla28 and that the primary developmental 
function of the Nla28S/Nla28 signal transduction circuit is to regulate sporulation, 
at least partially, in response to nutrient depletion. Our results also indicate that 
A-signal is important for full expression of the nla28S/nla28 operon during pre-
aggregation, suggesting that A-signal regulates the availability of the 
Nla28S/Nla28 signal transduction circuit in the early stages of fruiting body 
development.  
2.2 Results 
Identification of a potential histidine kinase partner for Nla28.  The 
putative histidine kinase gene nla28S  (MXAN1166) is located directly upstream 
of the response regulator gene nla28 (MXAN 1167) (5) and the two genes show 
similar expression patterns during development (3), suggesting that nla28S and 
nla28 are likely to be part of the same operon.  Since histidine kinase genes and 
response regulator genes that code for TCS partners are often located in the 
same operon (13), Nla28S was considered a prime candidate for the in vivo 
histidine kinase partner of Nla28.  Nla28S has similarity to type I histidine kinase 
proteins such as PhoR and EnvZ, which have N-terminal domains for binding 
extracellular signal molecules, membrane-spanning regions and C-terminal 
cytoplasmic transmitter domains (16).  An alignment of the conserved regions in 
the transmitter domains of known HK proteins and the corresponding regions in  
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Figure 2.2.1 Sequence alignment of bacterial histidine kinases. An alignment of the Nla28S 
amino acid sequence with those of other well-characterized histidine kinases indicates that 
Nla28S has all of the conserved HK sequence motifs. The alignment was performed using 
ClustalW2. The H-, N-, D-, F- and G-Boxes are shown and the conserved residues are indicated 
in black bold type. Histidine kinase sequences are from E. coli (Ec), Pseudomonas fluorescens 
(Pf), Shigella flexinari (Sf), M. xanthus (Mx). 
the transmitter domain of Nla28S shows that Nla28S has the signature sequence 
motifs conserved in histidine kinases (Figure 2.2.1). 
Nla28S has the in vitro properties of a histidine kinase.  When they 
detect a specific environmental signal, histidine kinases bind and hydrolyze ATP, 
and autophosphorylate at a conserved histidine residue (16).  To confirm that 
Nla28S was indeed a functional histidine kinase, we first examined the in vitro 
ATPase activity of Nla28S using a colorimetric assay that couples ATP hydrolysis 
to NADH oxidation (24).  All in vitro assays were performed with the cytoplasmic 
C-terminal transmitter domain of Nla28S (Nla28S-c). As shown in Figure 2.2.2A, 
Nla28S-c hydrolyzed ATP and the amount of hydrolyzed ATP increased linearly 
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with time.  Next, we examined the in vitro autophosphorylation activity of Nla28S-
c.  Upon incubation with [γ-32P]-ATP, Nla28S-c autophosphorylated within 30 
seconds and the level of Nla28S-c autophosphorylation increased with time up to 
60 minutes (Figure 2.2.3A). Thus, the results of all our in vitro biochemical 
assays support the idea that Nla28S is a functional histidine kinase. 
 
Figure 2.2.2. Kinetic characterization of Nla28S.  A. A standard colorimetric assay that couples 
the hydrolysis of ATP with the oxidation of NADH was used to determine ATP-hydrolysis activity 
of Nla28S-c.  The plot shows concentration of ATP hydrolyzed by Nla28S-c (µM) versus time of 
reaction (minutes).  [ATP] of 0.1 mM represented by filed circles, [ATP] of 0.3 mM represented by 
open triangles and [ATP] of 2 mM represented by open squares. Each measurement was done in 
triplicate.  Error bars represent standard errors of the mean of three replicates. B. The plot shows 
initial velocity (V0) of ATP hydrolysis of Nla28S-c versus concentration of ATP (µM). 
 
The autophosphorylation of histidine kinases can be represented by the 
following scheme: 
  HK + ATP ↔ HK•ATP→HK~P + ADP 
where histidine kinase is represented as HK. The rate limiting step in this 
reaction is the autophosphorylation of the His residue of the histidine kinase 
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producing the phosphorylated kinase and ADP (50). Thus, to analyze the 
autophosphorylation kinetics of Nla28S, the ATPase activity of Nla28S-c was 
examined by incubating the protein with different concentrations of ATP (Figure 
2.2.2B). The calculated Km of 0.518 mM and kcat of 0.65 min-1 are comparable to 
the kinetic parameters of other characterized histidine kinases such as CheA 
from E. coli (0.77 mM, 3 min-1), Che A from Salmonella melliloti	  (0.1 mM, 0.48 
min-1), CheA1 and CheA2 from Rhodobacter sphaeroides (0.25 mM, 0.36 min-1 
and 0.61 mM, 0.78 min-1, respectively) (39). This indicates that the 
autophosphorylation mechanism of Nla28S is similar to that of other well 
characterized histidine kinases. 
 
Figure 2.2.3. In vitro autophosphorylation activity of Nla28S-c.  A. Time course of 
autphosphorylation activity of Nla28S-c incubated with [γ-32P] ATP at room temperature.  B. 
Autophosphorylation activity of Nla28S-c incubated with [γ-32P]-ATP and treated with 0.1 N HCl or 
1 N NaOH for 20 minutes at room temperature. C. Autophosphorylation activity of Nla28S-c, 
Nla28S-c H242A and Nla28S D386A incubated with [γ-32P]-ATP for 60 minutes at room 
temperature. 
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Nla28S is autophosphorylated at His242. The transmitter domain of 
histidine kinases is divided into the dimerization and histidine phosphorylation 
domain (DHp) and the catalytic and ATP binding domain (CA). The conserved 
His residue of histidine kinases that is autophosphorylated is located within the 
H-box in the DHp domain. Phosphorylated His residues are acid labile but base 
stable (36).  To examine whether Nla28S-c is phosphorylated at a His residue, 
Nla28S-c was incubated with [γ-32P]-ATP for 60 minutes, and the samples were 
treated with acid or base for 20 minutes, or remained untreated for 20 minutes.  
Figure 2.2.3B shows that the level of Nla28S-c phosphorylation is similar in the 
untreated sample and in the sample treated with base, but little or no 
phosphorylated Nla28S-c was detected after acid treatment.  These results 
indicate that Nla28S-c is phosphorylated at a His residue. Sequence analysis of 
Nla28S revealed that His242 was the putative autophosphorylation site of this 
histidine kinase. In order to verify this, we examined the autophosphorylation of 
the Nla28S-c H242A mutant. Figure 2.2.3C shows that after 60 minutes of 
incubation with [γ-32P]-ATP, the level of autophosphorylation of Nla28S-c H242A 
was less than 1% that of Nla28S-c. This suggests that His242 is the 
autophosphorylation site of Nla28S. 
The CA domain of Nla28S is required for autophosphorylation.  The 
CA domain consists of the four conserved sequence motifs N-, D-, F- and G- 
Boxes, which form an ATP-binding pocket for the binding and hydrolysis of ATP.  
The conserved Asn in the N-box is in contact with the phosphates of ATP 
through an octahedrally coordinated Mg2+ ion. The conserved Asp residue of the 
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D-box is the only residue that is in direct contact with ATP. This Asp forms a 
hydrogen bond with the N6 amine of the adenine moiety of ATP. The residues of 
the F- and G-Boxes form a flexible loop that serves as a lid for the ATP binding 
pocket. In order to examine the importance of the Nla28S CA domain in 
autophosphorylation, we examined the autophosphorylation of the Nla28S-c 
D386A mutant and found that it was incapable of autophosphorylation (Figure 
2.2.3C). Upon incubation with [γ-32P]-ATP for 60 minutes the level of 
phosphorylation of Nla28S-c D386A was less than 1% that of Nla28S-c. This 
indicates that the D-Box and hence the CA domain of Nla28S is important for 
autophosphorylation of Nla28S. Also, as the Asp386 residue of the D-Box is not 
in the predicted phosphorylation domain of the protein, the failure of the Nla28S-c 
D386A to phosphorylate indicates that Nla28S is indeed autophosphorylated. 
Nla28 uses acetyl phosphate as an in vitro phospho-donor.  The 
receiver domain of response regulators catalyzes the phosphotransfer from 
histidine kinases (42).  In addition, many response regulators can catalyze a 
phosphotransfer from small molecule donors such as acetyl phosphate (28).  
Nla28 is known to bind to the σ54 promoters of several developmental genes and 
to be important for expression of these genes in developing cells (3, 33), which is  
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Figure 2.2.4. In vitro phosphotransfer assyas.  A. Autophosphorylated Nla28S-c~32P was 
incubated with Nla28 at room temperature.  B. Autophosphorylated Nla28S-c~32P was incubated 
with OmpR or in kinase buffer alone at room temperature for 60 minutes.  C. Autophosphorylated 
EnvZ-c~32P was incubated in kinase buffer alone, with Nla28 or with OmpR at room temperature 
for 60 minutes.  D. Nla28 was incubated with [γ-32P]-ATP or [32P]-acetyl phosphate [32P]-AcPO4 
for 30 minutes. E. Autophosphorylated Nla28S-c~32P was incubated in kinase buffer alone, with 
Nla28 or with Nla28 D53A at room temperature for 60 minutes.   
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consistent with its proposed function as a transcriptional activator.  To investigate 
whether Nla28 has the in vitro properties of a response regulator, Nla28 was 
incubated with [32P] labeled acetyl phosphate for 30 minutes.  Figure 2.2.4D 
shows that phosphorylated Nla28 was detected when incubated with [32P] 
labeled acetyl phosphate, but not with [γ-32P]-ATP (negative control).  This 
finding indicates that Nla28 is capable of catalyzing a phosphotransfer reaction in 
vitro, which is a signature property of bacterial response regulators. 
Nla28S transfers its phosphoryl group to Nla28 in vitro. To examine 
whether Nla28S can serve as the in vitro phosphotransfer partner of Nla28, 
which would be consistent with the idea that they form an in vivo TCS, Nla28S-c 
was incubated with [γ-32P]-ATP for 60 minutes, and then incubated with an 
equimolar amount of purified Nla28 for various amounts of time before the 
reaction was terminated (Figure 2.2.4A).  Phosphorylation of Nla28 was detected 
within 15 seconds of incubation with Nla28S-c.  The phosphorylation of Nla28 
increased with time up to 30 minutes, whereas Nla28S-c phosphorylation 
decreased with time.  In contrast, the level of phosphorylated Nla28S-c remained 
relatively constant over time when it was incubated with the non-cognate E. coli  
response regulator OmpR, (Figure 2.2.4B).  Moreover, no band corresponding to 
phosphorylated OmpR was observed, even after 60 minutes of incubation with 
phosphorylated Nla28S-c (Figure 2.2.4B).  In addition, after 60 minutes of 
incubation with the phosphorylated E. coli histidine kinase EnvZ-c, no 
phosphorylated Nla28 was detected (Figure 2.2.4C).  Furthermore, Nla28 did not 
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cause EnvZ-c radiolabel to become depleted after 60 minutes of incubation 
(Figure 2.2.4C).  This indicates that there is no phosphotransfer to Nla28 from 
the non-cognate histidine kinase EnvZ. In contrast, after phosphorylated EnvZ-c 
was incubated with its cognate response regulator OmpR for 60 minutes, there 
was a depletion of radiolabel from EnvZ-c (Figure 2.2.4C). Phosphotransfer from 
histidine kinase to response regulator is detected by phosphorimaging either by 
the appearance of a second band corresponding to the radio labeled response 
regulator or by the depletion of radiolabel from the histidine kinase indicating the 
phosphotransfer to the response regulator was followed by the 
dephosphorylation of the response regulator (25). Presumably, EnvZ-c 
successfully transferred a phosphoryl group to OmpR during this time period.  
Taken together, these findings indicate that Nla28S and Nla28 are in vitro 
phosphotransfer partners and the Nla28S to Nla28 phosphotransfer is specific, 
suggesting that Nla28S is likely to be the in vivo histidine kinase partner of Nla28. 
The Asp53 residue of Nla28 is required for phosphotransfer. The 
phosphotransfer reaction is catalyzed by the receiver domain of response 
regulators, which contains a conserved phospho-accepting Asp53 residue. The 
phosphate is transferred from the His residue on the histidine kinase to the 
phospho-accepting Asp on the receiver domain following a nucleophilic attack by 
the β-carboxylate oxygen of the Asp53. In order to investigate whether the 
conserved Asp53 residue of Nla28 was important for the phosphotransfer 
reaction, we examined the phosphotransfer reaction between Nla28S-c and the 
Nla28 D53A mutant (Figure 2.2.4E). After 60 minutes of incubation with 
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phosphorylated Nla28S-c, no band corresponding to the phosphorylated Nla28 
D53A was observed. Furthermore, there was negligible depletion of radiolabel 
from the phosphorylated Nla28S-c. This indicates that, like other well 
characterized response regulators, Nla28 requires the Asp53 residue for 
phosphotransfer from its cognate histidine kinase. 
An nla28S mutation primarily affects sporulation. If Nla28S and Nla28 
are partners in the same TCS, then a mutation in nla28S is likely to produce 
developmental defects that are similar to those produced by an nla28 mutation. A 
mutation in the nla28 gene causes a slight aggregation delay, but a strong (>10-
fold) decrease in sporulation efficiency relative to wild-type cells (2).  To examine 
whether a mutation in nla28S produces similar developmental defects, we 
constructed a strain of M. xanthus that contains an in-frame deletion of nla28S.  
When we placed Δnla28S and wild-type cells on TPM starvation agar plates, no 
differences in aggregation or fruiting body formation were observed (Figure 
2.2.5).  However, Δnla28S cells did show a slight (about 1.5-fold) decrease in 
sporulation efficiency relative to that of wild-type cells (Table 2.2.1).  When we 
monitored the development of Δnla28S and wild-type cells on CF agar, which 
induces a more gradual starvation than TPM agar, we found that aggregation 
and fruiting body formation proceeded in a similar fashion. The sporulation 
efficiency of Δnla28S cells was, however, reduced about 4-fold  
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Figure 2.2.5. Development phenotype of wild type and Δnla28S cells. Wild type 
and Δnla28S cells were spotted onto TPM agar plates (top two panels) or CF agar plates 
(bottom two panels), and the progress of fruiting body development was monitored for 5 
days using microscopy. Photographs were taken at 0, 24, 48, 72, and 120 hours poststarvation at 
a total magnification of 40X. 
 
relative that of wild-type cells (Table 2.2.1). These results show that the Δnla28S 
mutation produces a similar, but less severe developmental defect than the 
mutation in nla28, which supports our proposal that Nla28S and Nla28 are in vivo 
TCS partners. These results also support the idea that the primary function of the 
Nla28S/Nla28 TCS is to regulate sporulation genes.  
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Table 2.2.1. Sporulation of wild type and nla28S mutanta  
Medium Wild type (DK1622) nla28S (AG1400) 
TPM 100±9.72% 65.4±7.13% 
CF 100±5.15% 22.6±1.61% 
aSpore assays were performed in triplicate for each strain in each media. The mean values (± 
standard errors) for the spore assays are shown as percentages of DK 1622 (wild type). 
 
Developmental expression of nla28S is A-signal dependent.  As 
shown in Figure 2.2.6A, we monitored the developmental expression pattern of 
nla28S using qPCR.  The developmental expression pattern of nla28S is similar 
to that of nla28 (3): nla28S mRNA levels start to increase at 1 hour post-
starvation, which is early in pre-aggregation, they peak at 2 hours post-starvation 
and they return to vegetative levels between 2 and 3 hours post- 
Figure 2.2.6. Expression of nla28S in wild type and asgB mutant cells.  A. qPCR was used to 
examine developmental expression of nla28S in wild-type (DK1622) cells.  The nla28S 
expression levels shown are relative to the levels found in growing wild-type cells (0 hours).  The 
values are means derived from three replicates.  The error bars indicate standard errors of the 
means.  B. qPCR was used to examine developmental expression of nla28S in asgB mutant 
(DK4398) cells at the time of its peak expression (2 hours post starvation) in wild-type cells.  The 
nla28S expression levels shown are relative to the levels found in wild-type cells at two hours 
post starvation. The values are means derived from three replicates. The error bars indicate 
standard errors of the means.  
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starvation.  Since A-signal production is activated about 1-2 hours post-starvation 
(20, 57), we speculated that developmental expression of nla28S might be A-
signal dependent. To test this proposal, we examined the levels of nla28S mRNA 
in asgB cells, which are defective for A-signal production (20), and wild-type cells 
at 2 hours post-starvation.  As shown in Figure 2.2.6B, expression of nla28S 
mRNA was reduced about 2-fold in asgB cells relative to that of wild-type cells.  
To confirm that the expression of nla28S is A-signal dependent, asgB cells were 
allowed to develop in MC7 starvation buffer that was previously conditioned by 
wild-type cells; the MC7 buffer contains exogenous A-signal.  When exogenous 
A-signal was provided to asgB cells, expression of nla28S mRNA was completely 
restored (Figure 2.2.6B). These findings indicate that full expression of nla28S 
and, presumably, nla28 in developing cells requires A-signal. Thus, expression of 
the genes for the Nla28S/Nla28 TCS is modulated by A-signal. 
2.3 Discussion 
 The assembly of multicellular structures such as M. xanthus fruiting bodies 
depends on signal transduction networks that tie extracellular and intracellular 
signals to stage-specific changes in gene expression.  M. xanthus has a plethora 
of signal transduction genes that can fulfill this need to link developmental signals 
to changes in gene expression (5).  This includes 272 TCS genes, which 
constitute about 3.7% of the M. xanthus genome (5).  Many of these TCS genes 
are differentially expressed during fruiting body development (3, 44) and 35 TCS 
genes that are important for the developmental process have been identified 
(44).  However, much of the work on TCSs has concentrated on response 
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regulators and their target developmental genes (2, 3, 12, 33, 52, 54); few of the 
histidine kinase and response regulator signal transduction circuits that modulate 
developmental gene expression have been defined and very little is known about 
the signals that activate the characterized histidine kinase/response regulator 
circuits. 
In this study, we identified and characterized the histidine kinase partner of 
Nla28, a member of the EBP family of response regulators (5).  A mutation in the 
nla28 gene causes a slight aggregation delay, but a strong (>10-fold) decrease in 
sporulation efficiency relative to wild-type cells (2), suggesting that the primary 
targets of Nla28-mediated transcription are sporulation genes.  Indeed, most of 
the developmental genes that are known to be directly regulated by Nla28, 
including nla6 and actB, are primarily involved in sporulation (2, 3, 23, 33).  
Nla28S has similarity to type I histidine kinase proteins (5).  It was identified as a 
potential partner of Nla28 based on data indicating that nla28S and nla28 are 
part of the same developmentally regulated operon (3, 5), which is activated at 
the onset of pre-aggregation ((3), Figure 2.2.6A).  To confirm that Nla28S is a 
functional histidine kinase, we showed that purified Nla28S-c hydrolyzes ATP 
and undergoes an ATP-dependent autophosphorylation in vitro (Figures 2.2.2A 
and 2.2.3A).  We also showed that in vitro Nla28S-c phosphorylation is acid labile 
and base stable (Figure 2.2.3B) and that the His242 residue and D386 residue of 
Nla28S are required for autophosphorylation.  In subsequent in vitro 
phosphotransfer experiments, we found that Nla28S-c is capable of the specific 
transfer of a phosphoryl group to Nla28 (Figure 2.2.3A).  Thus, all the in vitro 
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experiments that we performed in this study support the idea that Nla28S and 
Nla28 are partners in a TCS. 
Since our in vitro work indicated that Nla28S and Nla28 are part of the same 
TCS and Nla28 appears to be a regulator of genes required for sporulation (2, 3, 
33), we predicted that an nla28S mutation would primarily affect sporulation.  
Under the stringent starvation conditions of TPM agar (10 mM Tris pH 7.6, 8 mM 
MgSO4, 1 mM KH2PO4 and 1.5% Agar) and gradual starvation conditions of CF 
agar (10 mM Tris pH 7.6, 0.015% Casitone, 8 mM MgSO4, 1 mM KH2PO4, 2% 
sodium citrate and 1% pyruvate, 1.5% Agar), the Δnla28S mutant showed no 
obvious aggregation defect (Figure 2.2.5).  However, the sporulation efficiency of 
the Δnla28S mutant was reduced to about 1.5-fold and 4-fold relative to wild-type 
cells when placed on TPM and CF agar, respectively (Table 2.2.1).  Thus, the 
mutation in nla28S produces a similar, but less severe developmental defect than 
the nla28 mutation, which supports the idea that Nla28S and Nla28 are in vivo 
signal transduction partners.  Why is the sporulation defect of the Δnla28S 
mutant less severe than that of the nla28 mutant? One explanation for the less 
severe effect of the nla28S deletion on sporulation could be the activation of 
Nla28 by nonspecific phospho-donors in the Δnla28S strain. We have shown that 
Nla28 can receive phosphate from small phospho-donors such as acetyl 
phosphate in vitro (Figure 2.2.4D). This suggests that in the absence of its 
cognate histidine kinase, Nla28 could still be activated by cellular metabolites 
such as acetyl phosphate, and go on to regulate the expression of its target 
genes. The possible nonspecific activation of response regulators in the absence 
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of their histidine kinase partners and the phosphorylation of response regulators 
by acetyl phosphate in vivo has been reported previously in literature (28, 29, 31, 
47, 56). Thus, it seems reasonable to speculate that the developmental function 
of Nla28 is not completely abolished in the nla28S mutant, leading to a less 
severe developmental defect than that observed for the nla28 mutant. 
 What might Nla28S be sensing? The Nla28S/Nla28 TCS begins 
modulating gene expression at the onset of the pre-aggregation stage of fruiting 
body development (3).  Presumably, Nla28S detects its signal during this early 
stage of development and activates Nla28.  At this time in development, cells 
must closely monitor the nutrient levels in the environment to confirm that nutrient 
levels are indeed diminishing.  In addition, they must closely monitor the status of 
their cellular energy reserves to confirm that they can complete fruiting body 
development.  Therefore, Nla28S might be sensing a particular nutrient in the 
environment. The greater sporulation deficiency of the Δnla28S strain in the slow 
starvation CF media than in the stringent starvation TPM media indicates a 
possible nutrient sensing role for Nla28S. The CF media has a limited amount of 
essential nutrients and is representative of slow starvation conditions for M. 
xanthus. Since, M. xanthus is most likely to encounter gradual depletion of 
nutrients in its natural habitat, the CF media is a useful model to study the 
behaviour of M. xanthus under such conditions. Although there are some 
nutrients available in CF media, M. xanthus recognizes it as limiting nutrient 
conditions. It undergoes slow starvation and initiates development, forming 
fruiting bodies with a higher efficiency of sporulation than under stringent 
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starvation conditions. The inhibition of sporulation of the Δnla28S strain by the 
presence of limited amounts of nutrients suggests that Nla28S may, directly or 
indirectly, be involved in sensing nutrient availability. The nutrient sensing role of 
Nla28S would be consistent with its expression from early development. Nutrient 
levels have to be monitored closely so that development can be initiated at the 
correct time. M. xanthus uses nutrient sensors to monitor nutrient levels 
throughout its life cycle. Some nutrient sensors function to inhibit development in 
the presence of abundant nutrients, whereas others detect the depletion of 
nutrients and promote development under such conditions. Since sporulation is 
inhibited in the absence of the nla28S gene, it is possible that during 
development Nla28S is involved in detecting the depletion of nutrient levels and 
promoting development if nutrient availability is below a certain threshold limit.  
Since A-signal begins to accumulate during pre-aggregation (20), it is also 
possible that Nla28S is involved in sensing this cell density signal, which is 
composed of a mixture of amino acids and peptides (21, 37). Whether or not 
Nla28S is involved in detecting A-signal, the data presented here indicate that A-
signal is important for full expression of nla28S and, presumably, nla28 in 
developing cells.  In particular, an asgB mutant, which is deficient in A-signal 
production, expressed 2-fold less nla28S mRNA than wild-type cells at 2 hours 
post-starvation (Figure 2.2.5B).  Moreover, the addition of exogenous A-signal 
fully restored the nla28S expression defect of the asgB mutant (Figure 2.2.6B).  
Interestingly, an nla28 mutant fails to fully complement the developmental defect 
of an A-signal deficient strain in co-development assays (2), suggesting that the 
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nla28 mutant might be defective for A-signal production.  This result is consistent 
with recent data showing that the promoter region of the asgA gene, which is 
important for A-signal production, contains a tandem repeat that is a good match 
to the Nla28 consensus binding site (33).  Thus, it seems that A-signal and the 
Nla28S/Nla28 TCS may have a reciprocal relationship: expression of the genes 
for the Nla28S/Nla28 TCS components is modulated by A-signal and the 
Nla28S/Nla28 TCS may modulate A-signal production. We propose that Nla28S 
forms part of a feedback loop used for detection and production of A-signal 
(Figure 2.3.1). According to this model, Nla28S would directly or indirectly be 
able to detect A-signal and upregulate the expression of the Nla28 TCS operon.  
This would in turn modulate the expression of genes required for A-signal 
production thus completing the feedback loop. Feedback loops are used in 
quorum sensing networks to establish thresholds for initiation or termination of 
quorum signal regulated processes (26). They also serve to ensure greater 
sensitivity to changes in concentration of quorum signal molecules and proper 
timing of quorum sensing responses. Thus, as part of a quorum sensing 
feedback loop, Nla28S could positively or negatively effect the production of A-
signal. If Nla28S were part of a positive feedback loop, then Nla28S would be 
able to directly or indirectly detect levels of A-signal and lead to increased A-
signal production. Once a threshold level of A-signal is detected by Nla28S, it 
would go on to activate its cognate response regulator Nla28. The activated 
Nla28 would, in turn upregulate the expression of asg genes involved in the 
production of A-signal thus increasing A-signal production. If, however, Nla28S 
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forms part of a negative feedback loop, then the detection of A-signal by Nla28S 
would lead to a decrease of A-signal production.  
 
Figure 2.3.1. Model of Nla28S/Nla28 TCS A-signaling feedback loop. Nla28S directly or 
indirectly detects A-signal and nutrient depletion and in response modulates the expression of 
genes required for A-signal production thus completing the feedback loop. 
 
The characterization of the Nla28S histidine kinase provides valuable 
information about the initiation of development. The two important events of 
initiation, detection of starvation and response to increase in cell density, appear 
to converge through the Nla28S sensor histidine kinase (Figure 2.3.1). We 
propose that Nla28S is part of a signal transduction network that, directly or 
indirectly, detects nutrient availability and information about cell density via the A-
signaling network. In response to this information the expression of asg genes 
and the morphogenesis of vegetative cells to stress resistance spores is 
regulated. This reveals yet another layer of the intricate regulatory networks at 
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play during the early hours of development. The goal of future work will be to 
explore this relationship and to examine whether nutrients, A-signal or some 
other molecule is responsible for the activation of the Nla28S/Nla28 TCS during 
early development in M. xanthus. 
2.4 Methods and materials 
All strains and plasmids used in this study are listed in Table 2.4.1 and all 
primers are listed in Table 2.4.2. 
Media for growth and development:  M. xanthus strains were grown 
vegetatively at 32°C in CTTYE broth (1% Casitone, 0.2% Yeast Extract, 10 mM 
Tris pH 8.0, 1 mM Potassium Phosphate pH 7.6, 8 mM MgSO4,) or on CTTYE 
agar plates (CTTYE with 1.5% agar). Media was supplemented with 50 µg/mL 
kanamycin when necessary. Fruiting body development was carried out in a 
32°C humid chamber on TPM agar plates (10 mM Tris pH 7.6, 8 mM MgSO4, 
1 mM KH2PO4 and 1.5% Agar), CF agar plates (10 mM Tris pH 7.6, 0.015% 
Casitone, 8 mM MgSO4, 1 mM KH2PO4, 2% Sodium Citrate and 1% Sodium 
Pyruvate, 1.5% Agar) or MC7 buffer (10 mM MOPS pH 7.0, 1 mM CaCl2). 
Escherichia coli strains were grown in Luria Bertani (LB) broth (1% Tryptone, 
0.5% Yeast Extract, 1% NaCl) or LB agar plates  (LB with 1.5% Agar) 
supplemented with 100 µg/mL ampicillin or 50 µg/mL kanamycin when 
necessary. For heterologous expression of protein E. coli strains were grown in 
2XYT media (1.6% Tryptone, 1% Yeast Extract, 0.5% NaCl) supplemented with 
100 µg/mL ampicillin or 50 µg/mL kanamycin when necessary. 
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Construction of deletion mutant: The inframe deletion of nla28S was 
obtained by a homologous recombination and counter selection method adapted 
from Ueki et al 1996 (51). The entire nla28S gene, except the last four base pairs 
that overlap with the nla28 gene, was deleted, yielding strain AG1400. The 
upstream 700 bp and downstream 700 bp including the last four base pairs of the 
nla28S gene were amplified separately using primers ZS92F, ZS92R and ZS93F, 
ZS93R respectively, and then fused together using assembly PCR. The 1400bp 
fragment was cloned into pCR-Blunt cloning vector (Invitrogen) to obtain the 
plasmid pZS93b. The pZS93b plasmid was digested with EcoRI and the resulting 
1400 bp EcoRI fragment containing the upstream and downstream regions of the 
nla28S gene was cloned into the EcoRI site of pBJ114 yielding the plasmid 
pZS93. The plasmid obtained, pZS93, was checked by sequencing. It was 
subsequently inserted into DK1622 cells by electroporation where it was 
integrated into the DK1622 chromosome by homologous recombination and 
selected for by using kanamycin resistance. Once kanamycin resistant clones 
were obtained, a galK mediated counter selection on CTTYE plates containing 
1% 2-deoxy-Galactose was used to ensure the loss of integrated plasmid by a 
second homologous recombination event. The resulting kanamycin sensitive, 2-
deoxy-Galactose resistant colonies were screened using PCR for deletion of 
nla28S.  
M. xanthus development assay: M. xanthus strains were grown to a 
density of ~5×108 cells/mL in CTTYE broth at 32°C with shaking at 210 rpm. 
Cells were then harvested and resuspended to a density of ~5×109 cells/mL in 
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TPM buffer and 1.5×10-2 mL aliquots of this concentrated cell suspension was 
spotted on TPM agar plates, CF agar plates and CF agar plates with individual 
components deleted. The plates were then incubated in a humid chamber at 
32°C. For development in MC7 submerged cultures, a 0.2 mL aliquot of 
concentrated cells was added to each well of a 6 well plate. The cells were 
allowed to develop in a 32°C humid chamber.  The progress of fruiting body 
development was monitored visually at 0hr, 12hrs, 24hrs, 48hrs, 72hrs and 
120hrs after being placed on nutrient limiting media using a Nikon Eclipse model 
E400 microscope using 40× total magnification. The images were captured using 
an Insight FireWire camera system and analyzed using the SPOT v 4.6 software 
(Diagnostic Instruments).  
To measure sporulation efficiency, M. xanthus strains were allowed to 
develop for 5 days as described above, the cells were harvested and 
resuspended in 1mL of TPM buffer. The resuspended cells were first dispersed 
by a 10 second sonication using a model 100 Sonic Dismembrator (Fisher 
Scientific) set at an intensity of 1.5. The cells were then subjected to three 10 
second bursts of sonication at a setting of 4 on the model 100 Sonic 
Dismembrator and incubated at 50°C for 2 hours. After exposure to sonication 
and heat, the number of viable stress-resistant spores were determined by 
plating the treated cells on CTTYE agar plates and counting the number of 
colonies that arose after 3-4 days of incubation at 32°C. 
Cloning of nla28S, nla28, envZ and ompR genes: The 810 bp fragment 
encoding 270 amino acids of the C-terminal cytoplasmic domain of the Nla28S 
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histidine kinase, (Nla28S-c) was PCR amplified from M. xanthus genomic DNA 
using the primers ZS108F, ZS108R. The nla28 gene was PCR amplified from M. 
xanthus genomic DNA using the primers ZS109F, ZS109R. The 654 bp fragment 
encoding 218 amino acids of the C-terminal cytoplasmic domain of the EnvZ 
histidine kinase (EnvZ-c) was PCR amplified form E. coli genomic DNA using the 
primers ZS134F, ZS134R. The ompR gene was PCR amplified from the E. coli 
genomic DNA using primers ZS135F and ZS135R. The amplified pcr products 
were cloned into the pCR-Blunt cloning vector (Invitrogen) using the 
manufacturer’s protocols yielding plasmids pZS108b, pZS109b, pZS134b and 
pZS135b, which contain the nla28S-c gene fragment, the nla28 gene, the envZ-c 
gene fragment and the ompR gene respectively. The pZS108b and pZS109b 
plasmids were digested with BamHI and EcoRI. The BamHI-EcoRI fragment 
containing the nla28S-c gene fragment and the nla28 gene were isolated and 
cloned into the BamHI-EcoRI site of pGEX-4T3 (GE Healthcare), a vector used 
for creating glutathione-S-transferase (GST) fusions. The resulting plasmids, 
pZS108 and pZS109, were used to express Nla28S-c and Nla28 as N-terminal 
GST fusion proteins. The pZS134b and pZS135b plasmids were digested with 
NdeI and HindIII. The NdeI-HindIII fragment containing the envZ-c gene fragment 
and the ompR gene were isolated and cloned into the NdeI-HindIII site of 
pET28b (EMD Biosciences), a vector carrying an N-terminal and a C-terminal 6x 
Histidine-tag (his-tag). The resulting plasmids, pZS134 and pZS135, were used 
to express EnvZ-c and OmpR as his-tagged proteins. 
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Site directed mutagenesis.  Mutations were introduced into the cloned 
genes using the Quick change site directed mutagenesis kit (Stratagene) with 
primers indicated in Table 2.4.2. 
Protein expression and purification: Nla28S-c, Nla28S-c H242A, 
Nla28S-c D386A, Nla28 and Nla28 D53A proteins were expressed as N-terminal 
GST fusion proteins in E. coli strain BL21(DE3). EnvZ-c and OmpR were both 
expressed with N- and C-terminal his-tags in E. coli strain NiCo21 (DE3) (New 
England Biolabs). The E. coli NiCo21(DE3) strain has been engineered to 
minimize the contamination of purified protein with E. coli metal binding proteins. 
This strain contains a mutation in GlmS that abolishes its metal binding affinity. 
Also, the metal binding proteins SlyD, ArnA and Can are tagged with chitin 
binding domains (CBD) to enable removal of these proteins by chitin affinity 
chromatography. GST was expressed from the pGEX-4T3 plasmid (GE 
Healthcare) in E. coli BL21(DE3). Cells were grown to an O.D600 of ~0.6 at 37°C 
with shaking at 210 rpm. Protein expression was induced by the addition of 0.1 
mM Isopropyl β-D-1 galactopyranoside (IPTG) and cell cultures were incubated 
for 12 hours at 16°C with shaking at 210 rpm. Cells were harvested, 
resuspended in lysis buffer (100 mM Sodium phosphate pH 8.0, 300 mM NaCl, 
10% Glycerol, 1mg/mL Lysozyme, 5 U/mL with DNaseI, 1 µg/mL Pepstatin and 1 
µg/mL Leupeptin) and lysed by three 30 second sonication bursts using a model 
100 Sonic Dismembrator (Fisher Scientific) set at an intensity of 4. The protein of 
interest was purified from the lysate using affinity purification. GST and the GST 
fusion proteins were purified using 5 mL GSTrapHP columns (GE Healthcare) on 
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an AKTA purifier UPC 10 FPLC system (GE). They were eluted off the 
GSTrapHP columns using GST elution buffer (100 mM Tris pH7.4, 300 mM 
NaCl, 1mM Glutathione reduced). The his-tagged proteins were purified using 5 
mL HisPur Cobalt columns (Thermo Scientific) on an AKTA purifier UPC 10 
FPLC system (GE Healthcare). They were eluted off the HisPur Cobalt columns 
using a step elution method with elution buffer (100 mM Tris pH7.4, 300 mM 
NaCl) containing 20 mM, 100 mM, 250 mM and 500 mM Immidazole. The elution 
fractions containing the his-tagged protein of interest were passed over chitin 
beads to remove the CBD-tagged metal binding protein contaminants.  All 
purified proteins were concentrated using Amicon Ultra centrifugal filter units 
(Millipore). Protein expression and purification was monitored visually using 
sodium dodecyl polyacrylamide gel electrophoresis (SDS PAGE) (Figure 2.4.1).  
The concentration of purified protein was determined using Bradford assay.  
Circular dichroism (CD) spectroscopy was used to the folding of the purified 
proteins (Figure 2.4.2). CD spectra were collected on a model 202 
Spectropolarimeter (Aviv Biomedical). CD data was recorded from 200 nm to 260 
nm at 10 °C in a 2 mm path length cell. A spectral bandwidth of 1.0 nm, a step 
size was 1 nm and an averaging time of 5 seconds was used. Each spectrum 
was recorded in triplicate. 
ATP hydrolysis assay: The ATP-hydrolyzing activity of Nla28S-c was 
investigated using a standard colorimetric assay that couples the hydrolysis of 
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ATP with the oxidation of NADH (24) according to the following reaction scheme
 
In this assay the change in absorbance at 340 nm caused by oxidation of NADH 
to NAD is used to monitor the amount of ATP hydrolyzed to ADP.  Briefly, 2 µM 
of Nla28S-c in ATPase buffer (50 mM Tris pH7.4, 5 mM MgCl2, 75 mM KCl) was 
incubated with 2 U of L-lactate dehydrogenase (Roche), 2 U of pyruvate kinase 
(Roche), 0.5 mM phosphoenol pyruvate, 0.1 mM NADH and varying 
concentrations of ATP (0.1 mM, 0.3 mM and 2 mM) at room temperature. 
Absorbance readings at 340 nm were taken using a Spectronic GENESYS 6 UV-
visible spectrophotometer (Thermo Scientific) every 30 seconds for a total of 5 
minutes to measure the oxidation of NADH to NAD, which is proportional to the 
conversion of ATP to ADP. EnvZ-c was used as a positive control and purified 
GST was used as a negative control for the ATPase assay. 
Autophosphorylation assay: A 5 µM aliquot of Nla28S-c was incubated 
with 500 µM ATP and 30 µCi of  [γ-32P] ATP in kinase buffer (5 mM MgCl2, 2 mM 
DTT, 100 mM Tris pH7.4) at room temperature.  At 0, 0.5, 1, 5, 10, 30 and 60 
minutes after starting the reaction, 1.0×10-2 mL aliquots of the reaction mix were 
removed and the reaction was stopped by the addition of 6× SDS PAGE loading 
buffer (375 mM Tris HCl pH 6.8, 9% SDS, 50% Glycerol, 9% β-mercaptoethanol, 
0.03% Bromophenol blue). Excess [γ-32P] ATP was removed from samples using 
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Zeba Micro Spin Desalting columns (Pierce Protein Research Products, Thermo 
Scientific). EnvZ-c was used as a positive control and purified GST was used as 
a negative control for the autophosphorylation assay. The samples were 
separated using SDS PAGE and visualized using a Typhoon 9410 variable mode 
imager (GE Healthcare).  
To determine acid or base stability Nla28S-c was autophosphorylated as 
described above for 60 minutes. The reaction was stopped by adding 6× SDS 
PAGE loading buffer and then treated with 0.1M HCl or 1M NaOH for 20 minutes. 
The samples were separated using SDS PAGE and visualized using a Typhoon 
9410 variable mode imager (GE Healthcare). 
In order to investigate the autophosphorylation of Nla28S-c H242A and 
Nla28S-c D386A the autophosphorylation reaction for each purified protein was 
carried out as described above. 
Phosphotransfer assay: Nla28 was diluted to 5 µM in kinase buffer and 
5×10-3 mL of this solution was incubated at room temperature with 5×10-3 mL of 
kinase buffer containing 5 µM Nla28S-c that was autophosphorylated as 
described above. Samples were removed at 2 minute intervals for a total of the 
30 minutes and the reaction was stopped by the addition of 6× SDS PAGE 
loading buffer. The phosphotransfer from EnvZ-c to its congnate response 
regulator OmpR was used as a positive control for the phosphotransfer assay. As 
a negative control for the phosphotransfer assay phosphorylated Nla28S-c was 
incubated with an equimolar amount of GST.  In order to investigate the 
specificity of phosphotransfer from Nla28S to Nla28, phophotransfer reactions 
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between Nla28S-c and OmpR and between EnvZ-c and GST-Nla28 were carried 
out as described above. Subsequently, the phosphotransfer reactions were 
analyzed using SDS PAGE and phosphorimaging as described above. In order 
to investigate the phosphotransfer reaction from Nla28S-c to Nla28 D53A, the 
phosphotransfer reaction between Nla28S-c and Nla28 D53A were carried out as 
described above. 
Phosphorylation of response regulators by [32P] acetyl phosphate:  
[32P] acetyl phosphate was synthesized as described by Quon, et al., 1996 (40). 
Briefly, 0.3 U of Bacillus stearothermophilus acetate kinase (Sigma) was 
incubated with 10 µCi of [γ-32P] ATP in AK buffer (25 mM Tris-HCl [pH 7.4], 60 
mM KOAc, 10 mM MgCl2; final pH 7.6) at room temperature for 20 minutes. The 
[32P] acetyl phosphate was then added to kinase buffer containing 5 µM Nla28 
and the reaction mixture was incubated at room temp for 30 minutes. The 
reaction was terminated by addition of 6× SDS PAGE loading buffer. Excess 
[32P] acetyl phosphate was removed using Zeba Micro Spin Desalting columns 
(Thermo Scientific). The phosphorylation of Nla28 was analyzed by SDS PAGE 
and phosphorimaging as described above. OmpR was used as a positive control 
and purified GST was used as a negative control for the acetyl phosphate 
phosphorylation assay. 
Expression analysis of nla28S: To determine the expression profile of 
the nla28S gene during early development, DK1622 was allowed to develop in 
MC7 submerged cultures as described above with samples taken at 0, 0.5, 1, 
1.5, 2, 2.5, 3 and 4 hours post starvation for RNA isolation. For determining 
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nla28S expression in an asg mutant background, DK1622 and DK4398 were 
developed in MC7 submerged culture as described above and samples taken for 
RNA isolation at the peak expression time point of nla28S in DK1622 as 
determined from the expression profile analysis. All strains were developed in 
triplicate for RNA isolation. 
Total RNA was isolated using the RNAprotect Bacteria Reagent (Qiagen) and 
RNeasy Plus Mini kit (Qiagen) according to the manufacturers protocol. The 
iScript cDNA synthesis kit (Bio-Rad) was used to generate cDNA from the 
purified RNA samples.  A 10-fold dilution series of the pooled cDNA from the 
three replicate RNA samples from DK1622 or DK4398 was used for the QPCR 
experiments. The QPCR experiments were also performed in triplicates. The 
expression of nla28S in DK1622 or DK4398 was normalized to that of rpoD. 
Primers for qPCR were designed to produce 180 to 200 bp amplicons of the 
nla28S and rpoD genes. The qPCR reactions contained 300 mM of each primer, 
1×10-2 mL of the 2× iQ SYBR Green Supermix (Bio-Rad), 5×10-3 mL of diluted 
cDNA and nuclease free water to a total volume of 2×10-2 mL. qPCR was 
performed on the iCycler iQ system (Bio-Rad) with the following conditions:  1 
cycle 95 °C for 2 minutes, 40 cycles of 95 °C for 15 seconds, 55 °C for 30 
seconds, and 72 °C for 30 seconds.  Standard curve R2 values and amplification 
efficiency values ranged from 0.990 - 1.0 and 90.0% - 100% respectively.  The 
amplification efficiency was calculated using the program LinRegPCR (41). 
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Figure 2.4.1. SDS PAGE of purified proteins. A. Image of SDS page of Nla28S-c purification 
process. B. SDS PAGE image of Nla28S-c, Nla28S-c H242A and Nla28S-c D386A. C. SDS 
PAGE of Nla28 and Nla28 D53A. 
 
 
Figure 2.4.2. CD spectra of Nla28S-c and Nla28. A. A CD scan of Nla28S-c, Nla28S-c H242A 
and Nla28S-c D386A shows that all three proteins have similar spectra. The spectrum for 
Nla28S-c is shown with closed circles, that for Nla28S-c H242A with open triangles and that for 
Nla28S-c D386A with open squares. The plot shows wavelength (nm) plotted versus elipticity (θ). 
B. A CD scan of Nla28, and Nla28 D53A shows that both proteins have similar spectra. The 
spectrum for Nla28 is shown with closed circles, that for Nla28 D53A with open triangles. The plot 
shows wavelength (nm) plotted versus elipticity (θ). 
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Table 2.4.1. List of strains and plasmids. 
Bacterial Strains or Plasmids Relevant feature Source or reference 
Strains   
M. xanthus   
DK1622 Wild type (19) 
DK4398 asgB (19) 
AG1400 DK1622 Δnla28S This study 
E. coli   
TOP10 Cloning host Invitrogen 
BL21(DE3) Expression host Lab collection 
NiCO21(DE3) Expression host New England Biolabs 
Plasmids   
pCR-Blunt Cloning vector, 
Kanr 
Invitrogen 
pGEX-4T3 GST-fusion 
expression vector, 
Ampr 
GE Healthcare 
pET28b His-tag fusion 
expression vector, 
Kanr 
EMD Biosciences 
pBJ114 Plasmid used for 
gene replacements 
and deletions, Kanr, 
galK+ 
(16) 
pZS93b nla28S deletion 
cassette in pCR-
Blunt 
This study 
pZS93 nla28S deletion 
cassette in pBJ114 
This study 
pZS108b nla28S-c in pCR-
Blunt 
This study 
pZS109b nla28 in pCR-Blunt This study 
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Bacterial Strains or Plasmids Relevant feature Source or reference 
pZS108 nla28S-c in pGEX-
4T3 
This study 
pZS109 nla28 in pGEX-4T3 This study 
pZS134b envZ-c in pCR-
Blunt 
This study 
pZS135b ompR in pCR-Blunt This study 
pZS134 envZ-c in pET28b This study 
pZS135 ompR in pET28b This study 
pZS187 nla28S-c H242A in 
pGEX-4T3 
This study 
pZS188 nla28S-c D386A in 
pGEX-4T3 
This study 
pZS191 nla28S-c D53A in 
pGEX-4T3 
This study 
 
 
Table 2.4.2. List of primer sequences  
 Sequencea 
Inframe deletion of nla28S  
nla28S upstream 700bp ZS92F ggatgtccgtggggagaaactccgcagttgg 
 ZS92R 
cgacgaggatgcgggctgagcgccgttcctctatcacggggcc 
nla28S downstream 700bp ZS93F 
ggccccgtgatagaggaacggcgctcagcccgcatcctcgtcgtg 
 ZS93R ccgctggcctcctcgaagacgcctcgccgc 
Cloning of nla28S, nla28, envZ and ompR  
nla28S–c ZS108F gcgccgggatcccgcgtcacctcgctgctcaag 
 ZS108R gggcgggaattctcatgttccgaccttgcgcatttc 
nla28 ZS109F gcgccgggatccagctcagcccgcatcctc 
 ZS109R gggcgggaattctcacgactcggcctccggggcctc 
	  	  
115	  
 Sequencea 
envZ-c ZS134F ggccgccatatggcggatgaccgcacgctgctg 
 ZS134R gcgccgaagcttcccttcttttgtcgtgccctgc 
ompR ZS135F ggccgccatatgcaagagaactacaagattctggtg 
 ZS135R gcgccgaagctttgctttagagccgtccggtac 
Primers for site directed mutagenesis  
nla28S-c H242A ZS188F 
ccttcactcggcgcgtggcggccgacctcatctccccgctgg 
 ZS188R 
ccagcggggagatgaggtcggccgccacgcgccgagtgaagg 
nla28S-c D386A ZS189F 
ggccgtgctggaggtcgtggccaacggcatcggcatggcgc 
 ZS189R 
gcgccatgccgatgccgttggccacgacctccagcacggcc 
nla28 D53A ZS192F 
cctttgacctggtcctcacggccatggccatgcccgagccgg 
 ZS192R 
ccggctcgggcatggccatggccgtgaggaccaggtcaaagg 
Primers for qPCR  
nla28S (1030bp to1209bp of nla28S) ZS155F cagttgttgcaggtgagtgc 
 ZS155R gaagggctggaacagtgagg 
rpoD (519bp to 687bp of rpoD) ZS156F cgcggaagagaaggaagacg 
 ZS156R cttctcaccatcctcgatgc 
aPrimer sequences are presented from 5’to 3’direction. Restriction endonuclease recognition sites 
are presented in italics. Mutated codons are presented in bold type. 
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Chapter 3 The Nla6S histidine kinase of Myxococcus xanthus represents a 
new family of bacterial histidine kinases 
3.1 Introduction  
The social life style and complex multicellular life cycle of Myxococcus 
xanthus requires constant monitoring of and response to environmental changes. 
This has led M. xanthus to develop intricate signal transduction networks that 
modulate cellular processes in response to extracellular and intracellular signals.  
Histidine kinases are one of the major classes of sensor proteins used by 
M. xanthus for monitoring environmental cues. They are used to transduce 
extracellular signals into the cytoplasm as well as for sensing intracellular 
changes. They belong to the two component signal transduction system (TCS) 
together with response regulator proteins. Signal detection results in the 
autophosphorylation of the histidine kinase, which in turn leads to the activation 
of the response regulator by phosphotransfer form the histidine kinase.  
The prototypical histidine kinase is composed of a sensor domain and a 
transmitter domain. Typically, the transmitter domain is further subdivided into 
the dimerization and histidine phosphorylation domain (DHp) and the catalytic 
and ATP binding domain (CA) (9). The CA domain belongs to the GHKL (gyrase, 
Hsp90, histidine kinase, MutL) family of ATPases (5) with a distinctive ATP-
binding pocket known as a Bergerat fold, an α/β sandwich composed of a mixed 
β sheet and an α helix bundle (1). Histidine kinases are grouped into four families 
based on the sequence of their DHp domain and twelve families based on the 
sequence of their transmitter domain (9, 18). 
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The M. xanthus genome encodes 132 histidine kinases (8). At least 25 of 
these histidine kinases are known to be important for fruiting body development 
(34). At the initiation of development M. xanthus assesses cell density using the 
diffusible quorum signal, A-signal. This signal is sensed by the histidine kinase 
SasS (42). Once adequate cell density is reached, the process of fruiting body 
formation and spore morphogenesis can advance. The execution of these 
morphological changes is controlled by progressively higher levels of a contact-
stimulated, surface-associated cell-cell signaling protein known as C-signal (11, 
19, 27, 37). The orphan histidine kinases TodK and SdeK work in concert with 
the C-signal to regulate the events of fruiting body formation (28, 31). The loss of 
TodK function leads to early aggregation and sporulation (31), whereas the loss 
of SdeK function delays aggregation and sporulation (6, 28). In addition to the 
classical histidine kinase proteins, M. xanthus also uses a high number of 
atypical histidine kinases such as the hybrid histidine kinase EspA, EspC, RodK, 
to regulate developmental events (12, 22, 32, 41).  
Here we describe the identification and characterization of Nla6S, a 
unique histidine kinase encoded in the M. xanthus genome. Sequence analysis 
of the M. xanthus genome identified the nla6S (MXAN4043) gene as the only one 
in the genome with an unusual CA domain (8). This gene encodes a putative 
histidine kinase that has a conserved HisKA family DHp domain but no 
recognizable CA domain. However, our studies show that Nla6S possesses a 
functional CA domain. We also found that this histidine kinase was highly 
conserved only in the fruiting body forming members of Cystobacterineae 
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suborder of Myxococcales. This together with our findings that nla6S is 
upregulated during early development in M xanthus led us to hypothesize that 
Nla6S represents a new group of histidine kinases that is required for initiation of 
fruiting body formation in Cystobacterineae.  
3.2 Results 
Identification of a unique histidine kinase of M. xanthus. Sequence analysis 
of the nla6S (MXAN4043) gene revealed that it encoded a putative cytoplasmic 
protein with a conserved HisKA domain. As the MXAN4043 gene is next to a 
putative response regulator gene and as there are no other genes encoding two 
component system proteins in the vicinity of these two genes, we hypothesized 
that Nla6S forms a two component signal transduction system with the response 
regulator Nla6. Sequence alignment of the Nla6S protein revealed that it had a 
well conserved DHp domain of the HiskA family but lacked a recognizable CA 
domain (Figure 3.2.1). The D-Box was the only conserved sequence motif in the 
CA domain. Sequence analysis of the M. xanthus genome revealed that the 
Nla6S CA domain had negligible sequence similarities with any of the other 137 
histidine kinases of M. xanthus. Using the sequence of the Nla6S CA domain as 
the query we performed a BLAST search to identify similar proteins. Surprisingly, 
the search came up with four highly similar proteins all of which belonged to 
members of the Cystobacterineae suborder of the myxobacteria (Figure 3.2.2A). 
Six Cystobacterineae genomes have been sequenced to date. These are of the 
species M. xanthus, M. fulvus, Corallococcus coralloides, Stigmatella aurentica 
and two genomes of the genus Anaeromyxobacter (4, 8, 13, 14, 24, 25, 33). The  
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Figure 3.2.1 Sequence alignment of Nla6S with well-characterized histidine kinases. The 
alignment was performed using ClustalW2. The H-, N-, D-, F- and G-Boxes are shown and the 
conserved residues are indicated in black bold type. Histidine kinase sequences are from 
Escherichia coli (Ec), Pseudomonas fluorescens (Pf), Shigella flexinari (Sf), M. xanthus (Mx). 
 
BLAST results indicated that a homologue of Nla6S was present in all except the 
Anaeromyxobacter species. M. fulvus has an Nla6S homologue with 91% identity 
and 95% similarity, S. aurentica has two Nla6S homologues, one with 67% 
identity and 80% similarity and the other with 68% identity and 81% similarity and 
C. coralloides has one Nla6S homologue with 67% identity and 79% similarity. 
The similarities of these proteins to Nla6S is mainly in the transmitter domain. 
Using the TopPred membrane topology predictor tool we found that these 
proteins are also all predicted to be cytoplasmic like Nla6S. Although well 
conserved in Cystobacterineae, Nla6S homologues do not appear to be 
conserved in any other myxobacterial genomes. The genomes of four 
myxobacteria from other suborders have been sequenced.  We did not find a  
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Figure 3.2.2 Nla6S homologues.  A. Sequence alignment of Nla6S homologues from 
Cystobacterineae. The alignment was performed using ClustalW2. The H- and D-Boxes are 
shown. Conserved residues are indicated with a star (★). Histidine kinase sequences are from M. 
xanthus (Mx), M. fulvus (Mf), S. aurentica (Sa) and C. coralloides (Cc). B. Phylogenetic 
comparison of comparison of Nla6S homologues with representatives of previously described 
histidine kinase families. The phylogenetic tree was constructed using the maximum-likelihood 
method with PhyML-aLRT (10). The bar represents a branch length equivalent to 0.9 amino acid 
change per residue. Histidine kinase sequences are from M. xanthus (Mx), M. fulvus (Mf), S. 
aurentica (Sa) and C. coralloides (Cc), E. coli (Ec), Bacillus subtilis (Bs), Pseudomonas syringae 
(Ps), Streptococcus pnuemoniae (Sp), Methanothermobacter thermautotrophicus (Mt), 
Archaeoglobus fulgidus (Af). 
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potential homologue of Nla6S in the genome sequences of these myxobacteria 
nor did we find a potential Nla6S homologue in any other sequenced bacterial 
genomes. Furthermore, a phylogenetic comparison of the five Nla6S homologues 
with representatives of previously described histidine kinase families revealed 
that the Nla6S-like proteins form a cluster that is separate from the previously 
characterized histidine kinase families (Figure 3.2.2B).  
The CA domain of Nla6S has secondary structure of conserved CA 
domains. Using the secondary structure prediction tool Jpred, we found that 
Nla6S CA domain is composed of four α helices and five β strands in the order 
α1, β1, β2, α2, β3, β4, α3, β5, α5. The secondary structure composition and 
arrangement of the Nla6S CA is similar to that of other characterized CA 
domains (26, 36, 38). 
 
Figure 3.2.3 In vitro ATP hydrolysis activity of Nla6S-c. A standard colorimetric assay that 
couples the hydrolysis of ATP with the oxidation of NADH was used to determine ATP hydrolysis 
activity of Nla6S-c.  The plot shows concentration of ATP hydrolyzed by Nla6S-c (µM) versus 
time of reaction (minutes).  Filled squares, 0.2 mM ATP, open circles, 0.3 mM ATP; open 
triangles, 1 mM ATP and open squares, 3 mM ATP. Each measurement was done in triplicate.  
Error bars represent standard errors of the mean of three replicates. 
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Nla6S is able to hydrolyze ATP successfully in vitro. Upon sensing a 
signal the CA domain of histidine kinases bind and hydrolyze ATP. So, for Nla6S 
to be a functional histidine kinase it has to be able to hydrolyze ATP. Therefore, 
in order to determine the ATP hydrolysis activity of Nla6S we used a colorimetric 
assay that couples the hydrolysis of ATP to the oxidation of NADH (21). All in 
vitro assays were performed with the C-terminal transmitter domain of Nla6S 
(Nla6S-c). Nla6S-c was incubated with varying concentrations of ATP. We found 
that Nla6S-c was able to hydrolyze ATP successfully in vitro and the hydrolysis of 
ATP increased linearly with time for 5 minutes (Figure 3.2.3).  
 
Figure 3.2.4. In vitro autophosphorylation activity of Nla6S-c. A. Time course of 
autphosphorylation activity of Nla6S-c incubated with [γ-32P]-ATP at room temperature.  B. 
Autophosphorylation activity of Nla6S-c, Nla6S-c H58A and Nla6S D386A incubated with [γ-32P]-
ATP for 60 minutes at room temperature. 
 
Nla6S autophosphorylates successfully in vitro.  Histidine kinases are 
autophosphorylated at a conserved histidine residue in the DHp domain. As 
Nla6S contained a well conserved HisKA family DHp domain with an H-box and it 
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was able to hydrolyze ATP successfully, we wanted to see if Nla6S was able to 
autophosphorylate in vitro. Upon incubation with [γ-32P]-ATP, Nla6S-c 
phosphorylation was visible within 1 minute and phosphorylation intensity 
increased with time (Figure 3.2.4A). Moreover, when the His58, which is the 
predicted site of Nla6S phosphorylation, was changed to Ala (Nla6S-c H58A), 
phosphorylation was abolished indicating that Nla6S was being 
autophosphorylated at this His residue (Figure 3.2.4B). It was also found that the 
Nla6S-c D204A mutant was not able to autophosphorylate (Figure 3.2.4B). 
Furthermore, the Nla6S-c D204A mutant showed a strong defect in ATP 
hydrolysis (Figure 3.2.5). The Asp204 residue is part of the D-box which is the 
only CA domain signature sequence motif conserved in Nla6S. The inability of 
the Nla6S-c D204A to hydrolyze ATP and autophosphorylate indicates the 
presence of a CA domain of Nla6S.  
 
Figure 3.2.5. In vitro ATP hydrolysis activity of Nla6S-c D204A. A standard colorimetric assay 
that couples the hydrolysis of ATP with the oxidation of NADH was used to determine ATP 
hydrolysis activity of Nla6S-c D204A. An initial ATP concentration of 1 mM was used. The 
concentration of ATP hydrolyzed by Nla6S-c (squares) or Nla6S-c D204A (diamonds) versus time 
of reaction (minutes) is shown. 
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Nla6S autophosphorylates with an apparent Km of 0.5 mM.  Kinetic 
characterization of the Nla6S-c autophosphorylation reaction using the ATPase 
assay revealed that its rate of autophosphorylation is similar to that of other 
characterized histidine kinases (Figure 3.2.6). The calculated Km of 0.494 mM 
and kcat of 1.84 min-1 is in the same order of magnitude as that for other  
 
Figure 3.2.6. Kinetic characterization of Nla6S. The plot shows initial velocity (V0) of ATP 
hydrolysis of Nla6S-c versus initial concentration of ATP (µM). 
 
characterized histidine kinases (29). Thus, in spite of its unique sequence the CA 
domain of Nla6S appears to catalyze the autophosphorylation reaction at the 
same rate as other histidine kinases. 
 
Nla6S cannot transfer phosphate to Nla6.  Sequence analysis indicates 
that nla6S is in the same operon with response regulator gene nla6. To see if 
Nla6 was indeed the cognate response regulator of Nla6S we examined the 
phosphotransfer reaction between Nla6S-c and Nla6. We found that Nla6S was 
not able to transfer its phosphate to Nla6R. Circular dichroism (CD) spectroscopy  
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Figure 3.2.7. Analysis of Nla6 folding. A. The circular dichroism spectrum of Nla6 shows the 
characteristics of a protein with α helix and β sheet content. The plot shows wavelength (nm) 
plotted versus elipticity (θ). B. Thermal denaturation of Nla6 follows a two statr denaturation 
process typical of well folded proteins. The plot shows temperature (K) versus elipticity (θ). 
 
showed that Nla6 was folded and the secondary structure content was 
determined to agree with predicted values (Figure 3.2.7A). Thermal denaturation 
studies showed that Nla6 followed a two state denaturation process 
characteristic of folded proteins with a melting temperature (Tm) of ~325 K 
(Figure 3.2.7B). These results indicate that Nla6 is thermally stable and properly 
folded in vitro. 
The nla6S gene is developmentally regulated.  In order to determine 
whether the Nla6S protein plays a role in the fruiting body development process 
of M. xanthus, we studied the expression profile of the nla6S gene (Figure 3.2.8). 
qPCR analysis of nla6S expression revealed that it was upregulated at the 
initiation of development. The nla6S mRNA levels start to increase by 1 hour post 
starvation and reaches a peak of about 6-fold of vegetative levels around 2 hours 
post starvation. 
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Figure 3.2.8. Expression of nla6S during initiation of development.  qPCR was used to 
examine developmental expression of nla28S in wild-type (DK1622) cells.  The nla28S 
expression levels shown are relative to the levels found in growing wild-type cells (0 hours).  The 
values are means derived from three replicates.  The error bars indicate standard errors of the 
means.   
 
 An nla6S mutant strain cannot be constructed.  The attempt to make 
an insertion mutation in nla6S resulted in the severe vegetative defects. An 
attempt to make a deletion mutant of nla6S or replacement of nla6S gene with 
non-functional nla6S genes or an antibiotic marker gene were also not 
successful. This inability to disrupt the function of the nla6S gene suggests the 
possibility of Nla6S being essential for growth. 
3.3 Discussion 
The vast repertoire of signal transduction genes encoded in the M. 
xanthus genome is required for the cell to proceed successfully through its 
complex multicellular life cycle. Histidine kinases are used extensively by M. 
xanthus to detect both intra and extracellular signals during its life cycle. Here we 
report the characterization of a unique histidine kinase encoded by M. xanthus 
	  	  
136	  
that has a novel CA domain with very little sequence similarity with known 
classes of CA domains.  
The Nla6S histidine kinase has a highly conserved HisKA family DHp 
domain but lacks a recognizable CA domain. This gave rise to the possibility that 
this protein could be a histidine kinase like protein that serves as an intermediary 
in a phosphorelay but does not autophosphorylate. However, we have shown 
that Nla6S-c is able to hydrolyze ATP and autophosphorylate successfully in 
vitro, making it a functional histidine kinase (Figure 3.2.3 and Figure 3.2.4A). 
Moreover, characterization of the Nla6S-c autophosphorylation reaction revealed 
that its kinetics are similar to that of other well characterized histidine kinases 
(Figure 3.2.6). 
Although the CA domain of Nla6S does not have much similarity with 
known CA domains, it does have a somewhat conserved D-Box (Figure 3.2.1). 
The conserved Asp residue in the CA domain of histidine kinases interacts with 
ATP by forming a hydrogen bond with the N6-amine of the adenine moiety and 
therefore is important for ATP binding (5).  The predicted conserved D-Box Asp 
residue of Nla6S is Asp204. Thus, our results showing that the D204A mutation 
of Nla6S-c abolishes autophosphorylation activity and severely defects ATP 
hydrolysis activity of Nla6S-c (Figure 3.2.4b and Figure 3.2.5) indicates that this 
Asp204 residue and hence the CA domain is functioning in ATP binding and 
hydrolysis.  
Even though the Nla6S CA domain has negligible sequence similarity with 
known CA domains, secondary structure predictions suggest that it has the 
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secondary structure elements to form the α/β sandwich Bergerat fold, which is 
the signature motif of histidine kinase CA domains and other GHKL family 
ATPases (1, 5). Thus it appears that Nla6S CA domain represents a yet 
uncharacterized class of functional CA domains. 
M. xanthus belongs to the Cystobacterineae suborder of the 
Myxococcales order. Sequence analysis of the six available Cystobacterineae 
genomes showed that a homologue of Nla6S was present in all except the 
Anaeromyxobacter species. Interestingly, Anaeromyxobacter does not form 
fruiting bodies while the other species do (13, 35). This, together with our results 
that show the expression of nla6S is upregulated upto 6 fold during early 
development, hints at a possible role of Nla6S in regulating developmental 
events.  
Even though Nla6S is highly conserved in Cystobacterineae members that 
undergo development, it was not found in biofilm forming myxobacteria outside 
this suborder, indicating that this gene was most likely acquired after the division 
of Cystobacterineae. As Nla6S contains a conserved HisKA domain and a 
unique CA domain, it is possible that this gene arose as a result of a gene 
recombination event. 
The four Cystobacterineae species that have Nla6S homologues are 
found in diverse environments. For example, M. xanthus is a terrestrial 
myxobacteria that is unable to grow in the presence of salt concentrations more 
than 1%, whereas M. fulvus is a salt-tolerant marine myxobacteria (23). 
Therefore it is unlikely that these organisms encounter the same extracellular 
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signals. Additionally, Nla6S and its homologues are predicted to be cytoplasmic 
proteins, leading to the postulation that this group of histidine kinases are 
involved in intracellular signal transduction.  
In the M. xanthus genome nla6S is located adjacent to the response 
regulator gene nla6. Sequence analysis and expression patterns suggest that 
these two genes are co-transcribed and therefore are likely to form a classical 
two component system (Figure 3.2.6, (7, 8)). However, we were unable to detect 
in vitro phosphotransfer between Nla6S and Nla6. Despite this, it is still possible 
that these two proteins are part of the same signal transduction network. 
Histidine kinases not only modulate response regulator activity through 
phosphorylation but through dephosphorylation as well (16). This 
dephosphorylation activity, known as “transmitter phosphatase activity” is 
mediated by catalytic residues in the transmitter domain (15). In histidine kinases 
with HisKA family DHp domain, transmitter phosphatase activity is catalyzed by a 
highly conserved D/EXXT/N motif immediately adjacent to the conserved His 
residue of the H-Box. Sequence analysis of Nla6S shows that it contains a DXXN 
motif immediately adjacent to the His58 residue. This raises the possibility that 
the role of Nla6S is to dephosphorylate Nla6. Nla6 could be phosphorylated by a 
small molecule phosphate donor or by an unidentified histidine kinase in vivo. 
Then, instead of acting as the activator of Nla6, Nla6S acts as an inhibitor of Nla6 
by dephosphorylating it.  Alternatively, it is possible that Nla6S acts as the 
phosphodonor for Nla6 in vivo, but this phosphotransfer reaction requires the aid 
of an additional unidentified component and hence cannot be detected in vitro. 
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Although expression of nla6S is upregulated at 2 hours post starvation it is 
likely that Nla6S is an important sensor during vegetative growth as well. We 
found that an insertion mutation in the nla6S gene causes severe growth defects. 
As nla6S is located upstream of nla6, this growth defect could be not only due to 
the disruption of nla6S but due to a polar effect caused by disruption of the entire 
operon. Therefore, we attempted to construct an inframe deletion and several 
gene replacement mutations of the nla6S strain. However, we were not able to 
construct any of these strains, indicating that nla6S might be an essential gene 
required for growth of M. xanthus.  
The identification and characterization of this unique histidine kinase 
further expands the diversity of two component systems in M. xanthus and 
myxobacteria. Future work defining the role of this group of histidine kinases in 
cellular processes as well as biochemical and structural studies to determine the 
mechanism of action of these histidine kinases will be needed to reveal the 
important differences and similarities of this group with the well characterized 
histidine kinases. 
3.4 Methods and materials 
All strains and plasmids used in this study are listed in Table 3.4.1 and all 
primers are listed in Table 3.4.2. 
Media for growth and development:  M. xanthus strains were grown 
vegetatively at 32°C in CTTYE broth (1% Casitone, 0.2% Yeast Extract, 10 mM 
Tris pH 8.0, 1 mM Potassium phosphate pH 7.6, 8mM MgSO4,) or on CTTYE 
agar plates (CTTYE with 1.5% agar). Media was supplemented with 50µg mL-1 
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kanamycin when necessary. Escherichia coli strains were grown in Luria Bertani 
(LB) broth (1% Tryptone, 0.5% Yeast Extract, 1% NaCl) or LB agar plates  (LB 
with 1.5% Agar) supplemented with 50 µg mL-1 kanamycin when necessary. For 
heterologous expression of protein E. coli strains were grown in 2XYT media 
(1.6% Tryptone, 1% Yeast Extract, 0.5% NaCl) supplemented with 50 µg mL-1 
kanamycin when necessary. 
Construction of deletion mutant: A homologous recombination and 
counter selection method adapted from Ueki et al 1996 (39) was used for 
constructing the inframe deletion and the gene replacement mutations of nla6S. 
For constructing the inframe deletion of nla6S, the upstream 700bp and 
downstream 700bp regions of the nla6S gene were amplified separately using 
primers ZS90F, ZS90R and ZS91F, ZS91R respectively, and then fused together 
using assembly PCR. The 1400bp fragment was cloned into pCR-Blunt cloning 
vector (Invitrogen) to obtain the plasmid pZS91b. The pZS91b plasmid was 
digested with EcoRI and the resulting 1400bp EcoRI fragment containing the 
upstream and downstream regions of the nla6S gene was cloned into the EcoRI 
site of pBJ114 yielding the plasmid pZS91. The plasmid obtained, pZS91, was 
checked by sequencing. pZS91 was inserted into DK1622 cells by 
electroporation, where it was integrated into the DK1622 chromosome by 
homologous recombination and selected for by using kanamycin resistance. 
Once kanamycin resistant clones were obtained, a galK mediated counter 
selection on CTTYE plates containing 1% 2-deoxy-Galactose was used to 
ensure the loss of integrated plasmid by a second homologous recombination 
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event. The resulting kanamycin sensitive, 2-deoxy-Galactose resistant colonies 
were screened using PCR for deletion of nla6S.  
The above described homologous recombination and counterselection 
method was also used for constructing gene replacement mutations with nla6S 
H59A, nla6S D204A and the kanamycin resistance gene. 
Secondary structure prediction of Nla6S.  Secondary structure 
predictions of Nla6S were carried out using the Jpred 3 secondary structure 
prediction server (3). 
Protein localization predictions.  Predictions of membrane spanning 
domains of protein sequences were performed using the TopPred topology of 
membrane protein server (2, 40).  
Cloning of nla6S, nla6, envZ and ompR genes: The nla6S and nla6 
genes were codon optimized for expression in E. coli (Table 3.4.3) (DNA2.0). 
The C-terminal 609 bp region of the codon optimized nla6S gene encoding the 
transmitter domain of Nla6S (Nla6S-c) was then cloned into the pET28b vector to 
yield the plasmid pZS138. Site-directed mutations in the pZS138-borne copy of 
the nla6S gene were generated using the QuickChange mutagenesis kit 
(Qiagen). The 654 bp fragment encoding the C-terminal cytoplasmic domain of 
the EnvZ histidine kinase (the C-terminal 218 amino acids of EnvZ, EnvZ-c) was 
PCR amplified form E. coli genomic DNA using the primers ZS134F, ZS134R. 
The ompR gene was PCR amplified from the E. coli genomic DNA using primers 
ZS135F and ZS135R. The amplified PCR products were cloned into the pCR-
Blunt cloning vector (Invitrogen) using the manufacturer’s protocols yielding 
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plasmids pZS134b and pZS135b, which contain the envZ-c gene fragment and 
the ompR gene respectively. The pZS134b and pZS135b plasmids were 
digested with NdeI and HindIII. The NdeI-HindIII fragment containing the envZ-c 
gene fragment and the ompR gene were isolated and cloned into the NdeI-
HindIII site of pET28b (EMD Biosciences), a vector carrying an N-terminal and a 
C-terminal  6x Histidine-tag (his-tag). The resulting plasmids, pZS134 and 
pZS135, were used to express the cytoplasmic domain of EnvZ (EnvZ-c) and the 
full length OmpR as his-tagged proteins. 
Protein expression and purification: The Nla6S-c, Nla6S-c H58A, 
Nla6S-c D204A, Nla6, EnvZ-c and the OmpR proteins were expressed with N- 
and C-terminal his-tags in E. coli strain NiCo21 (DE3) (New England Biolabs). 
The E. coli NiCo21(DE3) strain has been engineered to minimize the 
contamination of purified protein with E. coli metal binding proteins. This strain 
contains a mutation in GlmS that abolishes its metal binding affinity. Also, the 
metal binding proteins SlyD, ArnA and Can are tagged with chitin binding 
domains (CBD) to enable removal of these proteins by chitin affinity 
chromatography. Cells were grown to an O.D600 of ~0.6 at 37°C with shaking at 
210 rpm. Protein expression was induced by the addition of 0.1 mM Isopropyl β-
D-1 galactopyranoside (IPTG) and cell cultures were incubated for 12 hours at 
16°C with shaking at 210 rpm. Cells were harvested, resuspended in lysis buffer 
(100 mM Sodium phosphate pH 8.0, 300 mM NaCl, 10% Glycerol, 1mg mL-1 
Lysozyme, 5 U mL-1 DNaseI, 1 µg mL-1 Pepstatin and 1 µg mL-1 Leupeptin) and 
lysed by three 30 second sonication bursts using a model 100 Sonic 
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Dismembrator (Fisher Scientific) set at an intensity of 4. The protein of interest 
was purified from the lysate using immobilized metal affinity chromatography. 
The his-tagged proteins were purified using 5 mL HisPur Cobalt columns 
(Thermo Scientific) on an AKTA purifier UPC 10 FPLC system (GE Healthcare). 
The proteins were eluted off the HisPur Cobalt columns using a step elution 
method with elution buffer (100 mM Tris pH 7.4, 300 mM NaCl) containing 20 
mM, 100 mM, 250 mM and 500 mM Immidazole. The elution fractions containing 
the protein of interest were passed over chitin beads to remove the CBD-tagged 
metal binding protein contaminants.  Purified proteins were concentrated using 
Amicon Ultra centrifugal filter units (Millipore). Protein expression and purification 
were monitored visually using sodium dodecyl polyacrylamide gel electrophoresis 
(SDS PAGE) (Figure 3.4.1).  The concentration of purified protein was 
determined using the Bradford assay.   
 
Figure 3.4.1. SDS PAGE of purified proteins . A. An SDS PAGE image of Nla6S-c, Nla6S-c 
H58A and Nla6S-c D204A. B. A. An SDS PAGE image of Nla6. 
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Circular dichroism spectroscopy: Circular dichroism (CD) spectroscopy 
was used to monitor the folding of the purified proteins (Figure 3.2.5 and 3.4.2).  
CD spectra were collected using a model 202 Spectropolarimeter (Aviv 
Biomedical). CD spectra was recorded in a 2 mm path length cell from 200 nm to 
260 nm at 10 °C. A spectral bandwidth of 1.0 nm, step size of 1.0 nm and 
averaging time of 5 seconds was used. Each spectrum was recorded in triplicate. 
Thermal denaturation:  Thermal denaturation of full length Nla6 and the 
Nla6 receiver domain (Nla6-rec) were monitored using a model 202 
Spectropolarimeter (Aviv Biomedical) at 222 nm from 10°C to 80°C in increments 
of 2.0°C. A temperature equilibration time of 30 seconds, an averaging time of 15 
seconds and a spectral bandwidth of 1.0 nm was used.   
 
Figure 3.4.2. CD spectra of Nla6S-c, Nla6S-c H58A and Nla6S-c D205A. A. A CD scan of 
Nla6S-c, Nla6S-c H58A and Nla6S-c D204A shows that all three proteins have similar spectra. 
The spectrum for Nla6S-c is shown with closed circles, that for Nla6S-c H58A with open triangles 
and that for Nla6S-c D204A with open squares. The plot shows wavelength (nm) plotted versus 
elipticity (θ). The values are means derived from three replicates. 
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ATP hydrolysis assay: The ATP-hydrolyzing activity of Nla6S-c was 
investigated using a standard colorimetric assay that couples the hydrolysis of 
ATP with the oxidation of NADH (21).  In this assay the change in absorbance at 
340 nm caused by oxidation of NADH to NAD was recorded and used to monitor 
the amount of ATP hydrolyzed to ADP. Briefly, 1 µM of Nla6S-c in ATPase buffer 
(50 mM Tris pH 7.4, 5 mM MgCl2, 75 mM KCl) was incubated with 2U of L-lactate 
dehydrogenase (Roche), 2U of pyruvate kinase (Roche) 0.5 mM PEP, 0.1 mM 
NADH and varying concentrations of ATP (0.3 mM, 1mM or 3 mM) at room 
temperature. Absorbance readings at 340 nm were taken using a Spectronic 
GENESYS 6 UV-visible spectrophotometer (Thermo Scientific) every 30 seconds 
for a total of 30 minutes to measure the oxidation of NADH to NAD, which is 
proportional to the conversion of ATP to ADP. EnvZ-c was used as a positive 
control and purified GST was used as a negative control for the ATPase assay. 
Autophosphorylation assay: A 5 µM aliquot of purified Nla6S-c was 
incubated with 500 µM ATP and 30 µCi of  [γ-32P] ATP in kinase buffer (5 mM 
MgCl2, 2 mM DTT, 100 mM Tris pH 7.4) at room temperature.  At 0, 1, 2, 5, 10, 
30 and 60 minutes after starting the reaction, 0.01 mL aliquots of the reaction mix 
were removed and the reaction was stopped by the addition of 6× SDS PAGE 
loading buffer (375 mM Tris HCl pH 6.8, 9% SDS, 50% Glycerol, 9% β-
mercaptoethanol, 0.03% Bromophenol blue). Excess [γ-32P] ATP was removed 
from samples using Zeba Micro Spin Desalting columns (Thermo Scientific). 
EnvZ-c was used as a positive control and purified GST was used as a negative 
control for the autophosphorylation assay. The samples were separated using 
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SDS PAGE and visualized using a Typhoon 9410 variable mode imager (GE 
Healthcare).  
In order to investigate the autophosphorylation of Nla26S-c H58A and 
Nla28S-c D204A the autophosphorylation reaction for each purified protein was 
carried out as described above. 
Expression analysis of nla6S: To determine the expression profile of the 
nla6S gene during early development, DK1622 was allowed to develop in MC7 
submerged cultures as described above with samples taken at 0, 0.5, 1, 1.5, 2, 
2.5, 3 and 4 hours post starvation for RNA isolation. All strains were developed in 
triplicate for RNA isolation. 
Total RNA was isolated using the RNAprotect Bacteria Reagent (Qiagen) and 
RNeasy Plus Mini kit (Qiagen). The iScript cDNA synthesis kit (Bio-Rad) was 
used to generate cDNA from the purified RNA samples.  A 10-fold dilution series 
of the pooled cDNA from the three replicate RNA samples from DK1622 was 
used for the qPCR experiments. The qPCR experiments were also performed in 
triplicates. The expression of nla6S in DK1622 was normalized to that of rpoD. 
Primers for qPCR were designed to produce 180 to 200 bp amplicons of the 
nla6S and rpoD genes. The qPCR reactions contained 300 mM of each primer, 
0.01 mL of the 2× iQ SYBR Green Supermix (Bio-Rad), 0.005 mL of diluted 
cDNA and nuclease free water to a total volume of 0.02 mL. qPCR was 
performed on the iCycler iQ system (Bio-Rad) with the following conditions:  1 
cycle at 95 °C for 2 minutes, 40 cycles at 95 °C for 15 seconds, 55 °C for 30 
seconds, and 72 °C for 30 seconds.  Standard curve R2 values and amplification 
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efficiency values ranged from 0.990 - 1.0 and 90.0% - 100% respectively.  The 
amplification efficiency was calculated using the program LinRegPCR (30). 
 
Table 3.4.1 List of strains and plasmids 
Bacterial Strains or Plasmids Relevant feature Source or reference 
Strains     
M. xanthus     
DK1622 Wild type (20) 
E. coli     
TOP10 Cloning host Invitrogen 
NiCO21(DE3) Expression host New England Biolabs 
Plasmids     
pCR-Blunt Cloning vector, Kanr Invitrogen 
pET28b His-tag fusion protein 
expression vector, Kanr 
EMD Biosciences 
pBJ114 Plasmid used for gene 
replacements and deletions, 
Kanr, galK+ 
(17) 
pZS01 400 bp nla6S fragment in pCR-
Blunt for insertion mutation  
This study 
pZS42 nla6S H58A replacement 
cassette in pCR-Blunt 
This study 
pZS43 nla6S D204A replacement 
cassette in pCR-Blunt 
This study 
pZS91b nla6S deletion cassette in pCR-
Blunt 
This study 
pZS91 nla6S deletion cassette in 
pBJ114 
This study 
pZS136 nla6S in pJEX411 This study 
pZS138 nla6S-c pET28b This study 
pZS137 nla6 in pJEX411 This study 
pZS134b envZ-c in pCR-Blunt This study 
pZS135b ompR in pCR-Blunt This study 
pZS134 envZ-c in pET28b This study 
pZS135 ompR in pET28b This study 
pZS144 nla6S-c H58A in pET28b This study 
pZS157 nla6S-c D204A in pET28b This study 	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Table 3.4.2 List of primer sequences 
 Sequencea 
Inframe deletion of nla6S and 
gene replacement with 
mutated nla6S genes 
 
nla6S upstream 700bp ZS90F gccttggccggctggcaggaatctcgacaccgcgcgcgagcgggg 
 ZS90R cggcccgcctggatgagacgcgagttagggagccgttcccacatc 
nla6S downstream 700bp ZS91F gggaacggctccctaactcgcgtctcatccaggcgggccg 
 ZS91R gagttagggagccgttcccacatcgtcaaccc 
Gene replacement of nla6S 
with kanr gene 
 
nla6S upstream 700bp with 
kanr extension 
ZS82F gccttggccggctggcaggaatctcgacaccgcgcgcgagcgggg 
 ZS82R atccatcttgttcaatcatgagttagggagccgttcccac 
nla6S downstream 700bp with 
kanr extension 
ZS83F gccttcttgacgagttcttctgagcgtctcatccaggcgggccggcttc 
 ZS83R gagcgtggccgggatggacgcgcagttgatggcg 
kanr gene ZS88F atgattgaacaagatggattgcacgcagg 
 ZS88R tcagaagaactcgtcaagaaggcgatag 
Cloning of nla6S-c, nla6, envZ 
and ompR 
 
nla6S–c ZS138F gcgtcgaagatgccccgcatatggtggtgggcgcagcccg 
 ZS138R cgggctgcgcccaccaccatatgcggggcatcttcgacgc 
envZ-c ZS134F ggccgccatatggcggatgaccgcacgctgctg 
 ZS134R gcgccgaagcttcccttcttttgtcgtgccctgc 
ompR ZS135F ggccgccatatgcaagagaactacaagattctggtg 
 ZS135R gcgccgaagctttgctttagagccgtccggtac 
Primers for site directed 
mutagenesis 
 
nla6S-c H58A ZS140F ctgatggactcgctgctggccgagttcgtaacccgctg 
 ZS140R cagcgggttacgaactcggccagcagcgagtccatcag 
nla6S-c D204A ZS157F gcggtttggaagtcgaggcctccgctggtgcgtgtccg 
 ZS157R cggacacgcaccagcggaggcctcgacttccaaaccgc 
Primers for qPCR  
nla6S (68bp to 245bp of 
nla6S) 
ZS154F cgacagcaatgtcaaatagtgc 
 ZS154R gtctccaccttcagcttctcc 
rpoD (519bp to 687bp of 
rpoD) 
ZS156F cgcggaagagaaggaagacg 
 ZS156R cttctcaccatcctcgatgc 
aPrimer sequences are presented from 5’to 3’direction. Restriction endonuclease recognition sites 
are presented in italics. Mutated codons are presented in bold type. 
 
 
Table 3.4.3. Genes optimized for expression in E. coli 
Gene 
nla6S 
ATGCTGGCACCTGTAGGCCGTCGCCGTGGCTGGAATAGAGAAAATCCGGAAGAGTTTCAAC
TGGTGACTAGCACGGCGATGAGCAACAGCGCACCAAGCGTCGAAGATGCCCCGCAGCCGG
TGGTGGGCGCAGCCCGTTACCTGGCGGTCCCGACCCTGATGGACTCGCTGCTGCACGACG
TTCGTAACCCGCTGAATGCGCTGGCGATCCACCTGGAGGTCCTGAGCGAGAAATTGAAGGT
TGAAACGGGTAGCGTGCCGCCGTCCCAAGAGAAGAACCTGAAAGCTATGCGTGACCAAATT
CAGCGCGTGGATGGTATCCTGAAACTGTTTAGCGATTTCGTCGTTTTTCGCGGTGGTGTTCC
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Gene 
AGGTGTGGCCGATCTGAGCGAGGCCACGACCCGTGCACTGGGCGTCTTGGGTCACGAGGG
TCGCAAGCGTCGTGTGCAGGTCCAGGCAGCCGTTGAAGCGGGCGTTCAAATTCGTCTGCAG 
GATACCAGCGAGCTGGGCTTCTTTCTGATCCAAACCCTGCTGCGTGCGTTCCGTCGTGCGA
GAACGGTGGTTCTATTCGCGTCACCGTTCGTGGTGACGAAACCTCTGCGGTGTTGGAAGTC
GAGGACTCCGCTGGTGCGTGTCCGGAGCCGCTGCCGGAAGCTGTGGCGGCGTTGCAGCT
GCGCTGCAGCCAGCTGGGTGTTGACCTGCACGTTCGTGCGGGCCTGTGCCGCTTGTCCTT
CAGCCGCGCA 
nla6 
ATGGGCAGCGCACGCATCCTGGCCGTAGACGACGAACGCGATACGTGTGAAGCGCTGGCT
GATATGCTGAGCGCGTGGGGCCACAAGGTCGAGATCGCATTTGACGGCCATGATGCGTTGC
GTAAGGCAAATGAGTTCCGTCCGGATGTCGTTCTGTCCGATCTGGCAATGCCAGAAACCGA
TGGCCTGTGGCTGCTGCGTAATTTGAAAGAAGAGCTGCCGGATTGTCCGGTGGTGTTTCTG 
ACCGGCCGTGGTACTATTGATGCAGCGGTGGAAAGCATTCGTGAAGGTGCTTACGACTTCA
TCGTTAAGCCGCTGGACACCGCCCGTCTGAAAGTCTGCATTGACCGTGCCCTGGAGAAGAA
AGAAACCATGCGCGAGGTTCAGACGCTGCGTCGTCGCCTGAAACAGCTGGGTAGCTCCGAT
CTGATTGCCCAGAGCGTTGGCATGCGCAAGGTGATTGAACTGGTGGAGAAAGTTGCTCCGA
GCAAAGCGAGCGTTAGCATTAGCGGTGAATCCGGCACGGGTAAAGAGGTCGTTAGCCGTCC
GTCCATAACCTGTCTCTGCGTCGTGATAAACCGTTCATTGCCATTAACTGCGCGAGCATTCC
GGCGACCCTGATCGAGTCTGAGTTGTTTGGTCACGAGCGTGGCGCATTTACCGGCGCAGAC
CAGCGCCGTCCGGGTGTGTTTGAAATGGCGCATGGTGGTACGCTGTTCCTGGACGAGCTG
GGCGAGATCCCGATCGAACTGCAAGCGAAGCTGCTGCGTGTGCTGGAAGAAGGCAAACTG
CGTCGCCTGGGTGGTAAGGTCGAAATCGAAGTCGATGTCCGCGTGTTGTGTGCGACGAATC
GCGACTTGAAGCAGGAGATCAAAAACGGTCGCTTCCGTGAGGACCTGTATTTCCGTTTGAAT
GTGTTCCAAATTCATCTGCCGCCTCTGCGCGAGCGTCGCGACGATGTGCCGATCTTGGTGC
AGCACTTCGTTGATAAGTTTCGCGGCGATTCGGGCAAGCGTGTCAGCGGCGTTCACCCGGA
GGCAATGGAGGTGCTGAAAAACTACGACTGGCCGGGTAACATCCGTGAGTTGCGTAACGCA
GTCGAACGTGCGGTCATTCTGTGCGACGGTGAGCTGATCACCCGTGAACACCTGCCACCGG
ACATGGCGGGTAAGAGCCCTGAGCGCCACACTTTTCGTCTGCCGTTTGGCCTGAGCCTGGA
CGCGGTTGAGCGTGAGTATATCCTGGGTTCTTTGCAACGTAACGGTAATAACAAAGCGCGTA
CCGCGGAAGTTCTGGGTGTTAGCGAGAAAACCCTGTACAACAAGCTGAATCGCTATGCCGC
AGAGGCGCGTGCGCAACAGGCTCCGGGTGGTGGCGGTGGTGGTCCGTTGGGTGGTCAAG
GCAGCGACGGCGCGATGGGTGCTATGGGTACCAATAGCTTCGTTATTCGC 
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